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ABSTRACT

Coulter, David P. Ph.D., Purdue University, May 2015. Consequences of Short-term
Water Temperature Variability to Fish: Current and Future Climate Change Impacts.
Major Professors: Tomas Höök and Maria Sepúlveda.

Water temperature has a profound influence on aquatic ectotherms by affecting all
aspects of biological organization; from chemical and molecular functioning to wholeorganism and population-level impacts. Natural processes and anthropogenic activities
can create conditions where temperatures vary greatly through space and time. While
exposure to temperature changes lasting ≥ 24 hours have been examined in some species,
it is unclear how more rapid (< 24 hours; sub-daily) thermal fluctuations affect aquatic
ectotherms. I used a combination of field observations, laboratory experiments, and
modeling simulations to understand: 1) how habitat quality of aquatic ectotherms is
affected in thermally dynamic environments; 2) the role of sub-daily temperature
fluctuations on growth, survival, and stress responses in juvenile and adult fish; 3) how
fish early life stages are affected by sub-daily temperature fluctuations; and 4) what
impact thermally dynamic environments have on a model species at a population-level.
A model quantifying habitat quality around power plant thermal discharges indicated that
elevated and variable discharge temperatures affected habitat quality over a relatively
small spatial area for aquatic ectotherms. Models examining elevated temperatures

xiii
representing climate warming showed that the effects of industrial discharges and climate
warming could have an interactive effect on habitat quality by increasing the spatial area
and duration over which industrial thermal effluents impact aquatic ectotherms.
Laboratory experiments indicated that closely related fishes can respond differently to the
same sub-daily temperature fluctuations. Yellow perch (Perca flavescens) had higher
consumption and growth under sub-daily temperature fluctuations but developed skin
lesions; an indication of thermal stress. In contrast, these same fluctuations reduced
growth in physiologically similar walleye (Sander vitreus) but did not induce additional
stress responses. Experiments examining early life stages of fathead minnows
(Pimephales promelas) revealed that survival and developmental rates were not affected
by sub-daily temperature fluctuations, which may be due to the cyclical gene expression
of the heat-shock protein hsp70. These experiments also showed that long-term exposure
of juveniles to high-magnitude, sub-daily fluctuations can induce non-directional sex
reversal, thereby potentially affecting population sex ratios and population-level
reproductive success. Finally, a spatially-explicit, individual-based model of smallmouth
bass (Micropterus dolomieu) near a power plant thermal discharge revealed that the
combined effects of thermal effluent and impingement mortality caused by power plant
operations can have minimal effects on population-level characteristics, including prey
consumption rates, growth rates, and population abundance. Observations and climate
change projections indicate that the magnitude and frequency of temperature variability
in many regions of the world will increase in the future. Therefore, it will become
increasingly important to explore in detail how aquatic ectotherms are affected by
thermal variation across multiple spatial and temporal scales.

1

CHAPTER 1. INTRODUCTION

Ectotherms are highly dependent on the thermal regime of their environment.
Temperature dictates the rates of biochemical reactions, influences molecular and cellular
processes (Crockett 1998), affects growth and development (Gillooly et al. 2002), and
can regulate population dynamics (Nelson et al. 2013) and influence species diversity
(Allen et al. 2002; Latta et al. 2008). Thus, alterations to thermal regimes have the
potential to strongly affect biological and ecological processes. In aquatic ecosystems,
water temperatures can become elevated due to anthropogenic activities, including
industrial thermal discharges (Cooke & Schreer 2003) and climate change (Schär et al.
2004; Hoegh-Guldberg et al. 2007). If elevated temperatures remain within a species’
thermal tolerance, the consequences may be beneficial; increasing growth, enhancing
habitat quality, and expanding geographic distributions. However, excessively high
temperatures can be deleterious by inhibiting proper protein formation in cells (Kiang &
Tsokos 1998), reducing consumption and growth (Selong et al. 2001), and causing
skewed sex ratios (Janzen 1994; Wallace et al. 1999). Population dynamics can also be
altered by elevated temperatures, as cycles in population abundance in some species can
either be dampened (Johnson et al. 2010) or induced (Nelson et al. 2013) by excessively
high temperatures.
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In addition to elevated temperatures, thermal fluctuations are a common
characteristic of some aquatic habitats and can strongly impact ectotherms. Diurnal
warming and cooling is a natural form of thermal variation that many aquatic habitats
undergo and can become quite extreme in some systems (e.g., Δ 11ºC within 24 hrs;
Podrabsky et al. 1998). Natural physical processes can also cause rapid, sub-daily
thermal fluctuations when, for example, wind forcing leads to large oscillations of the
thermocline in lakes (Wells & Parker 2010; Troy et al. 2012; Cossu & Wells 2013).
Climate change can also increase water temperature variability by increasing the duration
of thermal stratification (McCormick & Fahnenstiel 1999; Livingstone 2003; Stainsby et
al. 2011) which increases the duration that thermocline oscillations can produce
temperature variability. Climate change has also been implicated in increasing upwelling
events in coastal marine habitats throughout the world (McGregor et al. 2007; García‐
Reyes & Largier 2010). The combined effects of natural and anthropogenic sources of
temperature variability may result in aquatic habitats undergoing increasing magnitudes
and durations of temperature fluctuations in the future.
The consequences of short-term thermal variability to fishes are largely unknown
because most studies examine either the effects of constantly elevated temperatures or
variation lasting ≥ 24 hours. Fishes experiencing more rapid thermal variation (i.e., subdaily variation < 24 hours) could experience growth benefits similar to fishes undergoing
daily temperature cycles (Diana 1984; Geist et al. 2011). In contrast, the fast rate of
temperature change could reduce the quality of these habitats, induce thermal stress, and
decrease growth and survival similar to fishes experiencing excessively high
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temperatures. Therefore, the goal of this research was to provide a comprehensive
investigation into the consequences of short-term temperature variability to fishes.
Chapter two of this dissertation utilizes bioenergetics models to evaluate how
habitat quality of invertebrates and fishes is influenced by thermal discharges from two
power plants on the Ohio River. Due to the thermal conditions in these areas, thermal
habitat quality for different species can vary greatly in space and time. I collected finescale water temperature observations around both discharges for two years and used these
data in bioenergetics models for zebra mussels (Dreissena polymorpha), rusty crayfish
(Orconectes rusticus), walleye (Sander vitreus), and smallmouth bass (Micropterus
dolomieu). I used these models to evaluate thermal habitat quality under current
conditions and compared these results with models using increased base temperatures
representing climate change conditions. Habitat quality under current thermal conditions
varied among species and seasons, with the thermal discharges affecting habitat quality
over a relatively small spatial area. However, increasing base temperature to simulate
climate change revealed that habitat quality for all species was affected by the thermal
discharges farther downstream than under current temperatures; including enhancing
habitat quality farther downstream during winter and reducing quality farther downstream
during summer.
Chapter three examines how two closely related fishes respond to sub-daily
temperature fluctuations. This was a laboratory experiment where I separately exposed
adult yellow perch (Perca flavescens) and juvenile walleye (Sander vitreus) to 12 hour
temperature fluctuations of different magnitudes and to the stable mean of the
fluctuations. Yellow perch displayed increased consumption and growth rates when
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exposed to the highest magnitude sub-daily temperature cycle but also developed skin
lesions, suggesting increased thermal stress and immunosuppression. In contrast, walleye
experiencing either of the sub-daily thermal fluctuations had lower growth compared to
individuals experiencing the stable mean temperature. However, no walleye developed
skin ulcers or displayed any further indications of thermal stress. Overall, yellow perch
and walleye exhibited nearly opposite responses to the same temperature fluctuations.
These results demonstrate that the effects of sub-daily thermal variability to fishes is not
straightforward, and that physiologically similar species can respond differently to the
same thermal changes.
Chapter four seeks to understand how the magnitude and frequency of short-term
temperature fluctuations affect early life stages in a model fish, fathead minnow
(Pimephales promelas). I exposed recently fertilized embryos to six different thermal
regimes: three stable temperatures, a 24 hour cycle, and two sub-daily (12 hour) cycles of
different magnitudes. Survival, developmental rates, and growth were unaffected by any
sub-daily temperature fluctuation compared to embryos in the stable mean temperature.
Examining expression of thermoresponsive genes in embryos revealed that hsp70
expression was upregulated in embryos exposed to the highest magnitude, sub-daily
fluctuation and cycled with the temperature fluctuations. This indicated that hsp70 may
be involved in mediating thermal stress caused by severe sub-daily thermal cycles. I also
exposed fish to these treatments during the period of sexual differentiation. Comparisons
of the genetic sex of individuals to their phenotypic sex after exposure revealed that nondirectional sex reversal (equal reversal to either sex) occurred only in the highestmagnitude, sub-daily fluctuating treatment. These results indicate that production of
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heat-shock proteins may be important for fish early life stages to mediate stress from subdaily temperature changes. Thermal variation can also alter gonadal development
differently than stable temperatures, and could have population-level reproductive
impacts on fishes inhabiting thermally dynamic environments.
Chapter five examines how anthropogenic alterations to aquatic habitats affect
population characteristics in smallmouth bass. Specifically, this chapter explores how
industrial activities affect fish populations due to the heated water released as effluent
and from potential mortality caused by fish being impinged on the cooling water intake
screen. To examine this, I developed a spatially-explicit, individual-based model that
simulates a smallmouth bass population near a power plant thermal discharge in the Ohio
River. The model predicts observed water temperatures around the discharge and
simulates a smallmouth bass population throughout one year. The model predicts prey
consumption rates, and growth and survival rates of smallmouth bass throughout the year.
I then compared these responses among simulations with and without thermal effluent
and impingement mortality. The model indicated that, based on random movement of
fish and the amount of impingement mortality I examined, prey consumption, growth
rates, and population size in the smallmouth bass population was largely unaffected by
either thermal effluent, impingement mortality, or the combination of the two. These
model results will complement annual field surveys around power plants on the Ohio
River to provide a robust understanding of how industrial activities affect fish
populations.
The research presented herein used a variety of approaches to provide a detailed
assessment of how fishes, and other aquatic ectotherms, are affected by thermal
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variability. Modeling thermal habitat quality indicated that increased temperatures from
climate warming can interact with current industrial effluents to increase the spatial
extent at which aquatic ectotherms are influenced. Laboratory experiments showed that
temperature fluctuations representing natural and man-made thermal regimes can affect
species differently, even closely-related species. Furthermore, early life stages showed
few effects from severe thermal fluctuations which may be due to the quick production of
heat-shock proteins. However, juveniles in some species may undergo non-directional
sex reversal when exposed to extreme, rapid thermal changes. The simulation model
indicated that some population-level characteristics of a warm-water fish may not be
significantly affected by exposure to a thermally dynamic environment (as well as
exposure to increased mortality from industrial activities). Understanding how aquatic
ectotherms are affected by thermal variation will be increasingly important as climate
change, anthropogenic activities, and natural processes interact to expose organisms to
variable thermal conditions.
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CHAPTER 2. THERMAL HABITAT QUALITY OF AQUATIC ORGANISMS NEAR
POWER PLANT DISCHARGES: POTENTIAL EXACERBATING EFFECTS OF
CLIMATE WARMING

Reproduced from:
Coulter D.P., Sepúlveda M.S., Troy C.D., & Höök T.O. 2014. Thermal habitat quality of
aquatic organisms near power plant discharges: potential exacerbating effects of climate
warming. Fisheries Management and Ecology 21(3): 196-210. Copyright (2014) John
Wiley & Sons Ltd

2.1

Abstract

Water temperature strongly affects aquatic ectotherms, as even slight temperature
changes can have dramatic effects on physiological rates. Water bodies receiving
industrial thermal discharges can undergo dramatic spatial and temporal changes in water
temperature. In order to quantify effects on aquatic ectotherms, thermal habitat quality
(bioenergetic growth rate potential; GRP) for zebra mussel Dreissena polymorpha
(Pallas), rusty crayfish Orconectes rusticus (Girard), walleye Sander vitreus (Mitchill),
and smallmouth bass Micropterus dolomieu (Lacepède) was quantified near two power
plant thermal discharges on the Ohio River, USA from 2010 to 2012 using bioenergetics
models. These results were then compared to GRP under increased base temperatures
representing climate warming. Growth rate potential for all species was low near the
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discharges during summer and highest in winter, with increasing prey consumption
minimizing the negative effects of elevated temperatures. In their immediate vicinity,
thermal discharges had a more adverse effect on GRP than plausible climate warming but
primarily affected GRP over a small spatial area; within 400 m downstream from the
power plants. Examining thermal habitat suitability will become increasingly important
as rising energy demand and climate change collectively affect aquatic organisms and
their habitats.
2.2

Introduction

Water temperature strongly affects physiological processes of aquatic ectotherms.
Basic processes including consumption, growth and metabolism display non-linear
relationships with water temperature (Brett 1956; Kitchell et al. 1977), where small
temperature changes can produce disproportionate changes in physiological rates.
Thermal habitat suitability, therefore, can be highly variable in environments with
spatially and temporally shifting temperatures. Anthropogenic actions, such as the
release of heated waters from industrial plants, can increase the temperature variability in
aquatic systems and alter thermal habitat suitability for ectotherms.
Power plant thermal discharges create unique and complex environments for
aquatic organisms. Thermal discharges into rivers can lead to dramatic temperature
gradients, characterized by cooler waters upstream, a sharp temperature increase at the
discharge point and a gradual reduction in temperature downstream from the discharge
(Fischer et al. 1979). Thermal conditions in these areas can be highly variable with
potential shifts in the location of the thermal plume due to changing river flow and daily,
seasonal and annual temperature variability (Schreiner et al. 2002). As a consequence,
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areas near power plant discharge plumes are thermally dynamic environments that can
have strong influences on aquatic organisms whose physiological processes are regulated
by water temperature.
Because organisms differ in a multitude of factors, including physiology and
mobility, responses to discharge-induced temperature gradients are expected to be
species-specific. For example, mussels have very limited mobility and are potentially
among the organisms most impacted by altered thermal conditions. In fact, marine
mussels collected near thermal discharges have been shown to have reduced condition,
lower reproductive potential (Hines 1979) and experience large mortality events when
temperatures remain elevated for prolonged periods (Gonzalez & Yevich 1976; Lutz &
Porter 1977). With the exception of several studies evaluating species composition and
thermal tolerances (McMahon 1976; Cole & Kelly 1978; Bamber & Spencer 1984;
Suresh et al. 1993, Lardicci et al. 1999), few have examined how thermal effluents
impact non-mussel invertebrates. In contrast, responses of fish to thermal discharges are
well documented. Fish generally display altered movement patterns near discharges
depending on season and species, with some species attracted to discharges during winter
(Ross & Winter 1981; ORERP 2007) and some avoiding such areas during spawning
periods and summer (Neil & Magnuson 1974; Ross & Winter 1981; Cooke et al. 2004).
In the future, aquatic habitats surrounding thermal discharges could be further
altered by increases in ambient water temperature due to climate change. Analyses of
historical stream and river temperatures have demonstrated increasing temperature trends
for 20 major streams and rivers in the United States (Kaushal et al. 2010). While future
warming is unlikely to be spatially uniform, stream temperatures in the USA are
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generally expected to increase with continued increases in atmospheric CO2
concentrations, with streams in the Midwest, specifically the Ohio River basin, predicted
to experience some of the largest temperature changes (Mohseni et al. 1999). Overall,
cold- and cool-water species are expected to be adversely affected by climate change
through reductions in growth rates, available habitat and species diversity (Meisner et al.
1987; Eaton & Scheller 1996; Mohseni et al. 2003), whereas opposite responses are
expected for many warm-water species (Meisner et al. 1987; Hill & Magnuson 1990;
Thorp et al. 1998). The exact effects of climate change on aquatic organisms will most
likely be complex and species-specific. Moreover, in the vicinity of thermal effluents,
long-term warming will likely interact with locally elevated temperatures to impact
seasonal habitat quality of aquatic organisms.
Predicting future effects of thermal effluents on aquatic organisms and their
habitat is not straightforward. Many studies have investigated how species-specific
distributions and assemblage patterns differ among locations affected and unaffected by
thermal discharges (Hillman et al. 1977; Evans 1981; Poornima et al. 2005; ORERP,
2007; Teixeira et al. 2009). Although such studies have demonstrated that species
respond differently to temperature gradients, they may only represent discrete sampling
events, may be limited in their ability to conclusively link observed distribution patterns
to observed temperatures and may lack the ability to predict responses based on various
temperature discharge scenarios.
Bioenergetics analysis constitutes a useful approach for quantifying thermal
habitat quality. Bioenergetics models depict species-specific energy budgets, balancing
energy inputs via food consumption with metabolic expenditures, waste production and
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growth (MacLean et al. 1982). Species-specific bioenergetics models have been
developed in controlled laboratory experiments where physiological functions are
quantified as a function of ambient temperature and an individual’s size (i.e. to
incorporate allometric effects on physiological rates). Furthermore, different models
have been developed for juveniles and adults in some species to account for ontogenetic
differences in physiological rates.
Bioenergetics approaches have been used to compare habitat quality between
locations for a variety of ecosystems and species. Under such applications, spatially- and
temporally-specific temperatures and potential prey consumption are the primary inputs
of bioenergetics models and are integrated to quantify growth rate potential (GRP; Brandt
& Kirsch 1993). In this approach, GRP acts as a time- and space-specific index of habitat
quality. In some previous applications, 1) salmonid habitat quality in the Laurentian
Great Lakes has been evaluated based on observed prey abundances and water
temperatures (Mason et al. 1995), 2) striped bass Morone saxatilis (Walbaum) GRP has
been calculated for spatially-explicit habitat cells in Chesapeake Bay, USA to determine
the most beneficial regions for growth (Brandt & Kirsch 1993) and 3) the effects of
hypolimnetic hypoxia on habitat quality of various species have been evaluated in central
Lake Erie (Arend et al. 2011). Moreover, GRP analyses have been extended to evaluate
habitat quality in stream and river systems (Nislow et al. 2000; Brandt & Mason 2003)
and bioenergetics models have been used to evaluate potential impacts of climatic effects
on aquatic organisms (Hill & Magnuson 1990; Petersen & Kitchell 2001; Griffiths &
Schindler 2012).
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Since bioenergetics models incorporate the effects of temperature on
physiological processes, they are appropriate for quantifying current and future thermal
habitat quality along power plant thermal discharges. Thermal discharges are common
on the Ohio River, USA and water temperatures in the Ohio River basin are expected to
increase with climate change (Stefan & Sinokrot 1993; Mohseni et al. 1999), making this
system useful for evaluating current and future patterns of thermal habitat quality. In this
study, a spatially-explicit bioenergetics-based approach was used to evaluate the impact
of thermal discharges on aquatic organisms in the Ohio River by calculating and
comparing GRP of four representative organisms: zebra mussel Dreissena polymorpha
(Pallas), rusty crayfish Orconectes rusticus (Girard), walleye Sander vitreus (Mitchill)
and smallmouth bass Micropterus dolomieu (Lacepède). These species were selected as
representative models because they are present in the Ohio River (Ricciardi et al 1998;
ORERP 2007), have different thermal tolerances and levels of mobility and peerreviewed bioenergetics models have been developed for each species. The objectives for
this study were to 1) quantify GRP, an index of thermal habitat quality, for these four
organism from 2010-2012 around two power plant discharges on the Ohio River, 2)
evaluate the effects of prey availability on GRP and 3) compare current (2010-2012)
GRP of each species with GRP under plausible climate warming.

2.3

Methods

Two power plants on the Ohio River were selected to quantify and compare
thermal habitat quality (Figure 1). Tanners Creek is located near Lawrenceburg, IN and
Cane Run is located near Louisville, KY. Both are coal-fired plants using once-through
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cooling water systems, and heated water at both plants is discharged directly into the
Ohio River.
Water temperature was measured using temperature data loggers (HOBO Pro v2,
Onset Computer Corporation, Cape Cod, MA) programmed to record temperatures every
30 min. Each logger was anchored in place and suspended in the water column with a
subsurface buoy. Twelve loggers were deployed on the same bank as the power plant
spanning distances of approximately 1 km upstream to 1.6 km downstream from the
thermal discharges (Figure 1). Five loggers were deployed at each power plant in late
April 2010, and the remaining loggers deployed in July 2010. All temperature loggers
were deployed nearshore at depths between approximately 1.5 m and 2.0 m at low pool
and were periodically retrieved to obtain temperature data from April 2010 to July 2012
(Figure 2).
Power plant employees provided temperature data from the thermal discharge
outfalls. Discharge temperature data at Tanners Creek consisted of hourly measurements,
whereas Cane Run discharge data were limited to one measurement each day at noon.
Linear regression was used to predict hourly discharge temperatures at Cane Run from
hourly temperatures at the logger 500 m downstream from the discharge (R2=0.82,
p<0.001). Temperature data at Tanners Creek supported this method of predicting hourly
discharge data. The equation predicting noon discharge temperature from noon
temperature 500 m downstream at Tanners Creek [discharge
temperature °C=1.05(temperature °C 500 m downstream)+3.7; R2=0.96, P<0.001] was
nearly identical to that predicting hourly discharge temperature from hourly temperature
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500 m downstream at Tanners Creek [discharge temperature °C =1.05[temperature °C
500 m downstream ]+3.5; R2=0.96, P<0.001).
The horizontal and vertical thermal structure was measured on several dates.
Vertical thermal structure was measured using a YSI sonde (6920 V2, Yellow Springs,
OH) 500 m upstream and 125 m, 250 m, 750 m, 1,225 m and 1,500 m downstream from
the power plant discharges. At each of these locations, vertical temperature
measurements were taken in the middle of the river and approximately 75 m from the left
and right banks. Horizontal variation in surface water temperatures was mapped by
attaching a thermistor to a boat and conducting transects across the river from 1 km
upstream to 1.5 km downstream from the thermal discharges. Transects were
approximately 150 m apart. The thermistor was located 1 m below the water surface and
recorded water temperature every second which corresponded with GPS coordinates that
were also recorded every second. Temperatures were then interpolated between
measurement locations.
Observations from temperature loggers, vertical thermal profiles and surface
water temperature mapping indicated that the areas most impacted by the thermal
discharges were along the same shore as the power plants. Therefore, GRP was
quantified in the nearshore along the river bank adjacent to each thermal discharge (1 km
upstream of discharge to 1.6 km downstream of discharge). In order to make spatial and
temporal comparisons of GRP, the river adjacent to each power plant was divided into
one-dimensional 10-m long upstream to downstream habitat cells. Stationary
temperature loggers provided temperature data for these cells, with linear interpolation
used to estimate temperatures for cells between loggers. Daily mean water temperature
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for each habitat cell was calculated and used as input data for species-specific
bioenergetics models for each organism. Bioenergetics models balance energy flow in an
organism as:
GRP = C – (R + U + F),
where GRP is growth rate potential, C is energy gained through prey consumption and R,
U and F are energy loses through respiration, nitrogenous excretion and fecal egestion,
respectively. The bioenergetics models selected for analyses were described by
Schneider (1992) for zebra mussels, Roth et al. (2006) for rusty crayfish, Kitchell et al.
(1977) for adult walleye and Whitledge et al. (2003) for adult smallmouth bass (Table 1).
These models were used to calculate daily GRP for each species.
Prey availability is an important variable when considering the GRP of an aquatic
organism. Prey consumption is incorporated into bioenergetics models as a percentage of
the temperature- and mass-specific maximum consumption rate. Setting the percentage
of maximum consumption at 100% represents an unlimited amount of prey in the
environment. However, the percentage of maximum consumption in wild fishes is
usually limited (Kitchell et al. 1977; Rudstam et al. 1994; Irwin et al. 2003; Stetter et al.
2005). Growth rate potential of all four species was first compared assuming prey was
slightly limited (70% of maximum consumption). Growth rate potential was then
compared assuming differential prey availability to examine ideal and prey-limited
scenarios; 100% and 40% of maximum consumption. The impact of prey abundance was
evaluated by calculating the proportion of days with positive GRP for each level of prey
availability (40%, 70% and 100% of maximum consumption) at several locations along
the thermal gradients.
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Finally, GRP was compared based on observed temperatures during 2010-2012 to
GRP based on plausible increases in temperatures due to climate warming. With climate
change, different aquatic systems in the United States and worldwide will likely undergo
variable thermal changes due to regional weather patterns and physical processes of
individual water bodies. Stefan and Sinokrot (1993) evaluated the effect of doubling
atmospheric CO2 on water temperature in the Mississippi River, USA, a river similar in
size and proximity to the Ohio River, and predicted a mean increase in water temperature
of approximately 4°C when averaging the results of four atmospheric climate change
models. Furthermore, Mohseni et al. (1999) predicted streams in the Ohio River basin to
be some of the most affected in the USA by a doubling of atmospheric CO2, with a
potential increase of up to 5 °C in mean annual water temperature. As a plausible
approximation, potential climate warming was simulated by increasing the mean daily
temperature observed in 2010-2012 for each habitat cell by 4 °C. This increased
temperature simulation should be viewed as a demonstrative evaluation of thermal habitat
quality, and not as a precise prediction of future conditions.

2.4

Results

Water Temperature
Sufficient temperature data were recovered at both power plants to provide mean
daily temperature patterns over two years. Loggers were recovered from 1,000 m
upstream from the Tanners Creek discharge to 1,630 m downstream from late April 2010
to mid-July 2012 (Figure 2). At Cane Run, loggers were recovered 1,000 m upstream
from the thermal discharge from April 2010 to May 2012. However, from November
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2010 to May 2012 only data loggers within 500 m downstream from the Cane Run
discharge were located.
Vertical temperature profiles near the thermal discharges indicated thermal
stratification and suggested that discharge plumes were buoyant (Figure 3). These
buoyant plumes spread across the river and within approximately 400 m downstream
from the discharges, nearshore surface temperatures were similar on both sides of the
river.
Mean daily temperatures near the thermal discharges from 2010 to 2012 were
generally greater at the Cane Run power plant than at the Tanners Creek power plant.
Maximum summer discharge temperatures were 39 °C at Tanners Creek and 43 °C at
Cane Run, although these maximum temperatures were sustained for relatively brief
periods. Mean daily temperature differences between upstream locations and the
discharge during 2010-2012 were generally between Δ 4 °C and Δ 7 °C at Tanners Creek
and between Δ 7 °C and Δ 9 °C at Cane Run (Figure 4). During most seasons, observed
temperatures at both power plants generally remained elevated within 400 m downstream
of the thermal discharges, while temperatures1,630 m downstream of the power plants
were similar to those upstream of the discharges. Temperatures during winter, however,
oftentimes remained elevated at the farthest downstream temperature loggers compared
to upstream loggers. The mean winter temperature (December through February for both
years) 500 m upstream from the Tanners Creek discharge was 4.2 °C whereas it was 5.9
°C and 5.8 °C 500 m and 1,600 m downstream from the discharge, respectively.
Likewise, mean winter temperature 500 m upstream from the Cane Run discharge was
4.8 °C compared to 6.4 °C 500 m downstream. Thermal conditions during the two study
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years were approximately representative of other recent years. Monitoring data collected
by the Ohio River Valley Water Sanitation Commission indicated that mean monthly
water temperatures from May to October in the Ohio River during 2010 and 2011 were
similar to those from 2006 to 2009 (F5,30=0.16, p=0.98).
Thermal Habitat Quality: 2010-2012
Growth rate potential was relatively high for all organisms under slightly limited
prey availability (70% of maximum consumption) throughout most locations and months
adjacent to both power plants. Strong seasonal effects were evident, though, with spring
and fall months having the highest GRP (Figure 5) as temperatures approached each
organism’s optimum temperature for consumption: 17 °C for zebra mussels, 27 °C for
rusty crayfish and 22 °C for walleye and smallmouth bass. Elevated power plant
discharge temperatures during summer reduced GRP of all species within 400 m
downstream from the discharges compared to GRP at upstream locations. The duration
of this reduction in GRP varied by species. For example, GRP at the Tanners Creek
thermal discharge in 2011 was lower than GRP 500 m upstream for 99 days for rusty
crayfish, 142 days for smallmouth bass, 153 days for walleye and 253 days for zebra
mussel. Moreover, GRP within 400 m downstream from the discharges for zebra mussel
and walleye became negative in May and remained negative until October. Nonetheless,
reductions in summer GRP for all species occurred over a small spatial area, as thermal
conditions at locations over 400 m downstream from the thermal discharges during
summer were almost identical to conditions upstream from the power plants. This was
also true for habitats downstream from Cane Run even though Cane Run discharged
warmer waters than Tanners Creek. The warm upstream waters during summer months
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combined with cool temperature preferences of zebra mussels and walleye resulted in all
habitats being of poor quality during summer, with reductions in GRP lasting the longest
for zebra mussels. Reductions in GRP during summer lasted for a longer period at the
Cane Run power plant due to high discharge temperatures. Conversely, the thermal
discharges at both power plants provided suitable thermal conditions for all species from
December to March. Similar patterns in GRP were observed between the two power
plants for all species, although the higher discharge temperatures at Cane Run resulted in
more severe reductions in GRP from late spring to early fall and improved GRP during
winter.
Increased prey abundance generally increased GRP for all organisms (Figure 6).
Rusty crayfish GRP, however, showed little response to increased prey consumption at
locations 500 m upstream and 500 m downstream from the thermal discharges. Due to
the high optimum (27 °C) and maximum (38 °C) temperatures for prey consumption of
rusty crayfish, GRP was nearly always positive at locations 500 m upstream and 500 m
downstream from the thermal discharges at all levels of prey consumption. Notably,
more abundant prey reduced the negative effects of elevated temperatures on GRP. This
occurred for all species but was most evident for smallmouth bass at the Tanners Creek
discharge. The discharge location was favourable thermal habitat (positive GRP) 46% of
days when prey was most limited (40% of maximum consumption) and increased to 81%
favourable thermal habitat with unlimited prey (100% of maximum consumption).
Within each level of prey availability, however, the discharges were generally the areas
with the lowest GRP for all four species during summer. This was especially the case for
zebra mussels and walleye due to their low tolerance for warm waters.
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Increased Base Temperatures
Throughout the entire study period, a ubiquitous increase of 4°C increased the
mean number of days temperatures at the discharge exceeded 40 °C by 26 days at
Tanners Creek and 45 days at Cane Run compared to 2010-2012 (Figure 4). In contrast,
the mean number of days the Tanners Creek discharge was below 10 °C during winter
was reduced by 59 days and the mean number of days the Cane Run discharge was below
16 °C was reduced by 32 days.
An increase in base temperatures (i.e. plausible climate warming) resulted in a
prolonged period of negative GRP during summer for zebra mussel and walleye
throughout the entire study areas (Figure 7). For example, at the Tanners Creek power
plant, zebra mussel GRP 500 m upstream and 1,630 m downstream from the thermal
discharge was negative for 150 days beginning in late May and lasting until late October.
Walleye GRP 500 m upstream and 1,630 m downstream from the thermal discharge
during this period was negative for 125 days from June through September. Compared to
upstream and far downstream locations, the thermal discharge increased the duration of
negative GRP for zebra mussel and walleye. Zebra mussel GRP at the habitat cell closest
to the Tanners Creek thermal discharge remained negative for 199 days from late April to
early November, and walleye GRP was negative for 150 days from late April through
September. Elevated base temperatures at the Cane Run power plant produced similar
trends for zebra mussel and walleye.
Rusty crayfish and smallmouth bass GRP was not as adversely impacted by
elevated base temperatures compared to zebra mussel and walleye. Rusty crayfish GRP
during summer was negative for 80 and 147 days at the Tanners Creek and Cane Run
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thermal discharges, respectively (Figure 7). Rusty crayfish GRP remained negative 620
m downstream from the Tanners Creek thermal discharge and 800 m downstream from
Cane Run. However, rusty crayfish GRP was only occasionally diminished at the
farthest downstream locations, as summer GRP was negative for eight days and one day
1,630 m downstream from Tanners Creek and Cane Run, respectively. Compared to
zebra mussel, more pronounced temporal and spatial reductions in smallmouth bass GRP
occurred during summer. For example, summer GRP at Tanners Creek was negative for
65 days 500 m upstream from the thermal discharge and for 70 days 1,630 m
downstream. Similar to rusty crayfish, smallmouth bass GRP consistently remained
negative during summer within 620 m and 800 m downstream from the Tanners Creek
and Cane Run thermal discharges, respectively. Notably, this is the same downstream
distance where GRP for all species is highest during winter.
Increased base temperatures generally reduced GRP compared to 2010-2012.
This was largely due to a prolonged period of elevated temperatures during summer that
especially affected cool water species (Figure 7). Under increased temperatures, the
duration of poor thermal habitat quality (negative GRP) upstream from the discharges for
zebra mussel was extended during the summer by 29 days at Tanners Creek and 31 days
at Cane Run compared to 2010-2012. Likewise, summer GRP for walleye upstream from
the power plants was negative for an additional 49 days at Tanners Creek and 47 days at
Cane Run. This was likely caused by the upstream summer temperatures approaching or
exceeding the maximum temperature for consumption for both species. With increased
base temperatures, summer upstream temperatures at Tanners Creek and Cane Run only
dropped below the maximum temperature for walleye consumption (28 °C) 9% and 10%
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of the time, respectively, and rarely exceeded the upper lethal limit in the bioenergetics
model (32 °C). These patterns were also observed for species with a higher thermal
tolerance. During 2010-2012, smallmouth bass thermal GRP upstream from the
discharges and over 500 m downstream was mostly favourable but became unfavourable
(negative GRP) throughout summer with increased base temperature (Figure 8).
Conversely, elevated temperatures with climate change minimized periods of low or
negative GRP during winter months for all species, although the magnitude of these
increases were minimal compared to the larger reductions during summer.
In the area immediately downstream from the power plant thermal discharges, the
effect on GRP was more adverse compared to the effects of increased base temperatures
(+4°C). Assuming that thermal habitat quality upstream of discharges during 2010-2012
represents a reference, all species displayed a decline from annual reference thermal
habitat quality (the number of days with beneficial thermal habitat, i.e. positive GRP) due
to both discharge effects and increased base temperatures. However, species-specific
declines in GRP were either similar or more severe when considering discharge locations
during 2010-2012 as compared to upstream locations under plausible climate warming
(Figure 9). This was due to the larger increase in temperature caused by the power plant
effluents (4 °C to 9 °C) compared to +4 °C climate warming. Thermal discharges,
however, affected species at a much smaller spatial scale (< 0.5 km downstream)
compared to the broad-scale (pool- or river-wide) impacts expected with climate change.
The combined effects of thermal discharge plumes and climate change would have the
most adverse effects on GRP, as the number of days with beneficial habitat (positive
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GRP) was lowest at discharge locations with climate warming compared to upstream
locations during 2010-2012 (Figure 9).

2.5

Discussion

The Tanners Creek and Cane Run discharges had limited spatial influence on
thermal habitat quality of all four species during 2010-2012, and during summer their
strong negative effect was limited to within 400 m downstream from the power plants. In
contrast, during winter increases in GRP were observed, especially for zebra mussel and
rusty crayfish, up to 1,630 m downstream from the Tanners Creek discharge. The spatial
extent that discharges affect aquatic organisms depends on many site-specific factors
including temperatures of the thermal effluent and receiving water body and the physical
properties of the thermal plume. Nonetheless, organisms closest to the discharge appear
to consistently experience the most extreme thermal environments. Comparing the
results of the 2010-2012 GRP with that of potential climate warming illustrated the
difference in how these factors may affect thermal habitat quality for aquatic organisms.
The thermal discharges had a greater impact on GRP compared to climate warming
effects on GRP; however discharge effects were generally limited to a local region within
400 m downstream from the thermal discharges. Large-scale climate warming, on the
other hand, has the potential to affect more individuals over a larger area that could play a
larger role in shaping population-level characteristics compared to the effects of thermal
discharges.
Field studies evaluating a variety of aquatic organisms demonstrate that biotic
effects are commonly confined to areas near thermal discharges. Malin et al. (1994) only
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observed localized reductions in phytoplankton biomass that were directly attributable to
increased temperatures from power plant discharges, and Poornima et al. (2005) reported
reductions in chlorophyll a concentration, an index of phytoplankton abundance, near a
thermal discharge compared to areas outside of the thermal plume. Many reports of large
mortality events in benthic invertebrates are also localized near discharge sites or in
discharge canals where temperatures are most extreme (Gonzalez & Yevich 1976; Suresh
et al. 1993). Positive effects may also be most noticeable near the thermal discharges, as
Lutz and Porter (1977) observed growth rates of blue mussels, Mytilus edulis L., near
thermal discharges decreased with increasing distance from a power plant discharge.
Such localized effects were also evident in the vicinity of Tanners Creek and Cane Run
discharges. Moreover, vertical temperature measurements near both thermal discharges
indicated thermal stratification due to a buoyant discharge plume. Thus, effects on
thermal habitat quality are not only localized in horizontal dimensions, but also along the
vertical dimension.
Analyses for 2010-2012 revealed strong temporal variability in GRP among
species. Zebra mussel and walleye thermal habitat quality was greatly reduced at all
locations during summer. Mean daily temperature upstream from the power plants
oftentimes exceeded each species’ maximum temperature for prey consumption. As
temperature increases beyond this value, consumption ceases and metabolism is
maximized, resulting in a net energy loss. Therefore, zebra mussels and walleye in the
study areas must rely on energy reserves until thermal conditions improve. Kocovsky
and Carline (2001) documented a similar phenomenon in a walleye population naturally
exposed to high summer temperatures. They found reductions in prey consumption and
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body condition of walleye when summer temperatures exceeded walleye optimal thermal
conditions (23 °C) for at least 30 days. To minimize the negative impact of heated
waters, fish may behaviorally thermoregulate and attempt to find cooler habitats (Sutton
et al. 2007) or reduce activity levels to minimize metabolic energy demand (Bevelhimer
1996). However, walleye may have limited ability to thermoregulate during summer in
the Ohio River since water temperatures at all locations and depths upstream from the
power plants, as indicated from stationary temperature loggers and vertical temperature
measurements, exceeded the maximum temperature for prey consumption (28 °C;
Kitchell et al. 1977).
Contrary to summer months, winter GRP for all species was greatest near the
thermal discharge. Cold temperatures reduced GRP to near zero values at most upstream
habitats whereas the discharge offered the best habitat with positive GRP. Smallmouth
bass and walleye residing in the discharge plume throughout winter could potentially
benefit by having an increased growing season. Telemetry studies have demonstrated
that several fish species utilize the increased temperatures near power plant discharges
during winter. Cooke et al. (2004) tracked smallmouth bass along a power plant
discharge and found fish remained in the discharge canal near the warmest waters
throughout the winter. Yellow perch Perca flavescens (Mitchill) have similar thermal
requirements as walleye and have also been shown to seek heated waters during winter
months (Ross & Siniff 1982). Organisms with small home ranges, such as rusty crayfish
(Merkle 1969; Byron & Wilson 2001), that are not already near the thermal discharge
plumes are probably less able to take advantage of these habitats by moving into thermal
discharge areas for short periods during winter. Moreover, benthic organisms near the
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thermal discharges may not benefit from increased winter temperatures in areas where
there is a buoyant thermal plume.
Analyses of thermal habitat quality under plausible climate warming indicated
that cool-water species may be more strongly impacted by the relatively broader-scale
impacts of climate change than warm-water species. Compared to 2010-2012, increased
temperatures (+4 °C) extended the duration of poor thermal habitat quality by
approximately 30 days for zebra mussels and 45 days for walleye upstream from the
discharges during the summer. Having such long periods of reduced GRP could lead to
lower survivorship because an organism’s energy reserves may not be sufficient to last
until temperatures become favourable. Thorp et al. (1998) demonstrated this effect by
conducting laboratory experiments where zebra mussels were exposed to either ambient
Ohio River water temperature or water increased by 4 °C and found that increased
temperatures from July through October greatly increased zebra mussel mortality.
Elevated summer temperatures have also been found to reduce condition, growth and
survivorship in walleye (Momot et al. 1977; Kocovsky & Carline 2001; Quist et al.
2002). Furthermore, other modeling analyses of fluvial systems in the Midwestern USA
predict increased water temperatures from climate change will reduce habitat availability
of cool-water species (Meisner et al. 1987; Eaton & Scheller 1996; Mohseni et al. 2003).
It should be noted, however, that increased temperatures from climate change in the
Midwestern USA may vary by season, with the lowest temperature changes expected to
occur in winter (Mohseni et al. 1999). Therefore, simulating climate change by
increasing temperatures by 4 °C may overestimate actual temperatures and thermal
habitat suitability under climate change during winter months.
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Although the analyses in the present study mainly focused on the effects of
temperature on habitat quality, a combination of environmental variables contribute to
habitat quality and, ultimately, affect habitat selection. Growth rate potential calculations
under varying levels of maximum consumption demonstrate the importance of prey
availability by showing that habitats near discharges with the highest temperatures
generally became more beneficial, or less detrimental, with increasing prey availability.
In laboratory experiments, Bevelhimer (1996) observed smallmouth bass moving from
cool areas lacking cover and prey to energetically-demanding warm waters where cover
and prey were abundant. Forage fish species are commonly present within power plant
discharge plumes (ORERP 2007), indicating that prey distributions likely affect food
resources near thermal effluent and could influence habitat use by predators. In addition,
thermal discharge plumes have been shown to support increased growth rates and
biomass of phytoplankton (Descy & Mouvet 1984; Keser et al. 2005), which could
further enhance habitat quality downstream from thermal discharges for mussels and
other filter-feeding organisms. Nonetheless, temperature dictates the physiological rates
of aquatic ectotherms and is a critical component of habitat.
In addition to prey distributions, the temperature variability organisms experience
near power plant discharges may be an important component of habitat use. Short-term
temperature fluctuations have been shown to increase growth rates in fishes (Hokanson et
al. 1977; Spigarelli et al. 1982). Fish may be further enticed to periodically utilize
thermal discharge plumes due to the temperature variability experienced when moving
between cool upstream areas and warmer discharge locations. Other studies, however,
have demonstrated negative effects of temperature variability for some fishes (Lukšienė
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et al. 2000; Johnstone & Rahel 2003). Depending on their response to temperature
variability, most fish species are able to behaviorally thermoregulate in order to use or
avoid the small spatial areas impacted by power plant thermal discharges. In contrast,
most organisms will have little ability to avoid the impacts of climate warming since the
entire pool and river will experience elevated temperatures.
Many interacting variables may ultimately influence habitat quality which
complicates attempts to quantify habitat suitability and predict potential habitat use by
aquatic organisms. However, given the importance of temperature to aquatic ectotherms,
quantifying and comparing thermal habitat quality provides a foundation for
understanding the impacts of thermal effluent on aquatic organisms. This knowledge will
be important in understanding and managing aquatic organisms in the future as increasing
energy needs and climate change interactively alter aquatic environments.
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Table 2.1. Parameters used in bioenergetics models to calculate growth rate potential for
four model species in the Ohio River. Parameter estimates were obtained for zebra
mussel from Schneider (1992), for rusty crayfish from Roth et al. (2006), for walleye
from Kitchell et al. (1977) and for smallmouth bass from Whitledge et al. (2003). CA:
consumption intercept; CB: mass dependence consumption coefficient; CTO: optimal
water temperature for consumption; CTM: maximum water temperature for consumption;
CTL: maximum lethal water temperature for consumption; CQ: water temperature
coefficient for consumption; CK1, CK4: fraction of the maximum consumption rate for
CQ and CTL, respectively; RA: intercept for maximum standard respiration; RB: slope of
the allometric mass function for respiration; RQ: the rate respiration increases over low
water temperatures; RTO: optimal water temperature for respiration; RTM: lethal water
temperature; ACT: activity multiplier; FA, UA: proportion of consumption to egestion
and excretion, respectively; FB, UB: coefficient of water temperature dependence for
egestion and excretion, respectively; FG, UG: coefficient for feeding level dependence of
egestion and excretion, respectively.

Consumption
CA (g g-1 d-1)
CB
CTO (°C)
CTM (°C)
CTL (°C)
CQ (°C)
CK1
CK4
Respiration
RA (gO2 g-1 d-1)
RB
RQ (°C-1)
RTO (°C)
RTM (°C)
ACT
Egestion/Excretion
FA
FB
FG
UA
UB
UG
Specific dynamic action
Oxycalorific coefficient
(J g-1)

Zebra
mussel

Rusty
crayfish

Walleye

Smallmouth
bass

0.031
-0.39
12a
21b
32
2.0
0.1
0.02

0.3795
-0.2419
27
38

0.25
-0.27
22
28

0.339
-0.31
22
37

2.5

2.3

4.2c, 1.95d

0.003
-0.25
3.1
28
31

0.00135
-0.4206
0.0646

0.0108
-0.2
2.1
27
32
1

0.244
-0.756
1.8
30
37
1

0.315

0.2857

0.104

0.88
0.064

0.003976

0.285
13560

0.18
13560

0.158
-0.222
0.631
0.0253
0.58
-0.299
0.172
13560

38
1

0.068

0.16
13560
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Table 2.1 continued
Body mass (g)
0.045
10
300
-1
e
f
Energy density (J g )
2428
3766
4186g
Prey energy density (J g-1)
4186e
3336i
3853j
a
lower water temperature at which consumption is 0.98∙maximum
b
higher water temperature at which consumption is 0.98∙maximum
c
when water temperature ≤ 26 °C
d
when water temperature > 26 °C
e
Schneider 1992
f
Roell & Orth 1993
g
Kitchell et al. 1977
h
Hewett & Johnson 1992
i
Mean of detritus, plant and invertebrate prey items; Roth et al. 2006
j
Whitledge et al. 2003

300
4186h
3853j
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Figure 2.1. Location of temperature loggers near the thermal discharges from a) Cane
Run and b) Tanners Creek power plants on the Ohio River.
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Figure 2.2. Duration of temperature data obtained from temperature loggers at the
Tanners Creek and Cane Run power plants on the Ohio River. Negative distances are
upstream from the thermal discharges and positive distances are downstream.
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Figure 2.3. a) Vertical temperature profiles taken from the middle of the river upstream
(US) and downstream (DS) from the Tanners Creek power plant thermal discharge on the
Ohio River in July, 2012. b) Surface water temperature measured 1 m below the water
surface near the Tanners Creek thermal discharge on the Ohio River in July, 2010.
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Figure 2.4. Mean daily water temperature near Tanners Creek and Cane Run power
plants on the Ohio River based on a) observed (2010-2012) and b) potential future (+4 °C
warming) values. Negative distances are upstream from the thermal discharge and
positive values are downstream. White plot areas indicate unavailable temperature data.
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Figure 2.5. Growth rate potential (GRP) for zebra mussel (ZM), rusty crayfish (RC),
walleye (WAE), and smallmouth bass (SMB) near the Tanners Creek and Cane Run
thermal discharges based on temperature data collected during 2010-2012 from the Ohio
River, USA. Prey consumption was set at 70% of maximum consumption. Distances
from the thermal discharges with negative values are upstream from the discharge and
positive values are downstream. White plot areas indicate unavailable temperature data.
Note that GRP scales differ among taxa.
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Figure 2.6. Proportion of days with positive growth rate potential (GRP) from April 2010
to July 2012 for zebra mussel (ZM), rusty crayfish (RC), walleye (WAE), and
smallmouth bass (SMB) consuming 40%, 70% and 100% of maximum consumption at
three locations near the Tanners Creek and Cane Run power plants on the Ohio River:
500 m upstream from the thermal discharge (500US), at the thermal discharge (Disch),
and 500 m downstream from the thermal discharge (500DS).
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Figure 2.7. Potential future growth rate potential (GRP) for zebra mussel (ZM), rusty
crayfish (RC), walleye (WAE), and smallmouth bass (SMB) near the Tanners Creek and
Cane Run thermal discharges on the Ohio River. Thermal habitat quality was evaluated
at 4 °C higher than temperatures measured during 2010-2012 (compare with Figure 5).
Prey consumption was set at 70% of maximum consumption. Distances with negative
values are upstream from the thermal discharge and positive values are downstream.
White plot areas indicate unavailable temperature data. Note that GRP scales differ
among taxa; ZM and RC as compared to WAE and SMB.

38

Figure 2.8. Adult smallmouth bass growth rate potential under observed conditions
(2010 – 2012) and plausible climate change conditions (4 °C increase in water
temperature) at three locations near the Tanners Creek thermal discharge on the Ohio
River.
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Figure 2.9. Percent change in the number of days with positive growth rate potential
(GRP) for zebra mussel, rusty crayfish, walleye and smallmouth bass comparing GRP 1
000 m upstream (US) from the thermal discharge at the Tanners Creek and Cane Run
power plants during observed conditions from 2010-2012 (Obs) to GRP at thermal
discharge (Disch) during 2010-2012, GRP 1 000 m upstream from the thermal discharge
in 2010-2012 to GRP 1 000 m upstream from the thermal discharge with a climate
change of 4 °C (CC), GRP 1 000 m upstream from the thermal discharge in 2010-2012 to
GRP at the thermal discharge with a climate change of 4 °C and GRP 1 000 m upstream
from the thermal discharge in 2010-2012 to GRP at the thermal discharges with climate
change.
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CHAPTER 3. SPECIES-SPECIFIC EFFECTS OF SUB-DAILY TEMPERATURE
FLUCTUATIONS ON CONSUMPTION, GROWTH, AND STRESS RESPONSES
IN TWO PHYSIOLOGICALLY SIMILAR FISH SPECIES

Reproduced from:
Coulter D.P., Sepúlveda M.S., Troy C.D., & Höök T.O. 2015. Species‐specific effects of
subdaily temperature fluctuations on consumption, growth and stress responses in two
physiologically similar fish species. Ecology of Freshwater Fish. DOI:
10.1111/eff.12227. Copyright (2015) John Wiley & Sons A/S. Published by John Wiley
& Sons Ltd.
3.1

Abstract

Fluctuations in water temperature can have important physiological consequences
for fishes. Effects of daily thermal cycles are well-studied and can be beneficial,
increasing prey consumption and growth rates when mean and maximum temperatures of
the fluctuations are at or below the species’ optimum temperature. While less studied,
sub-daily temperature fluctuations are also common in many aquatic habitats, and can be
caused by both natural and anthropogenic processes. We performed laboratory
experiments to examine how two fish species (yellow perch, Perca flavescens, and
walleye, Sander vitreus) with similar thermal preferences respond to chronic exposure to
sub-daily temperature variability. We selected temperature treatments that reflected
observed thermal variation after examining water temperature data from multiple aquatic
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systems. We then separately exposed yellow perch and walleye to a stable 23°C
treatment and 12 h cycles of 23±2°C or 23±4°C for 45 d. Adult yellow perch exposed to
fluctuations of 23±4°C over 12 h expressed higher consumption, growth, and food
conversion efficiency than fish experiencing stable 23°C. Temperature fluctuations,
though, resulted in mortalities and the development of skin ulcers in yellow perch that did
not occur under stable temperatures. In contrast, the same 12 h temperature fluctuations
did not result in mortalities or stress responses in juvenile walleye. Moreover, unlike
yellow perch, growth rates of walleye were lower under 12 h temperature fluctuations
compared to the stable 23°C treatment. Our results indicate that species with similar
thermal preferences can respond differently to the same sub-daily temperature
fluctuations.

3.2

Introduction

Fundamental processes of fishes including survival, metabolism, consumption,
and growth are strongly dependent on ambient water temperature (Brett 1956). Some
fishes inhabit areas with relatively stable temperatures where thermal effects on
biological process have been well documented and are relatively predictable (e.g., via
bioenergetics models; Kitchell et al. 1977). Many environments, though, exhibit
temporal fluctuations in temperature (Wells & Parker 2010; Troy et al. 2012) or have
high thermal variability across space (Armstrong et al. 2013; Coulter et al. 2014). Fishes
generally experience temperature variability over three durations: seasonal, 24 h
(hereafter, diel cycles), or < 24 h (hereafter, sub-daily cycles). The consequences of
thermal variability to fishes are not always straightforward, but evidence suggests that
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fundamental processes can be affected differently in fishes exposed to diel and sub-daily
thermal changes than in those exposed to stable temperatures (Diana 1984; Coulter et al.
2015).
Fishes experiencing diel temperature fluctuations can receive energetic benefits
that may not be provided by stable temperatures. A variety of species exhibit increased
consumption and growth rates when exposed to diel thermal cycles compared to
individuals exposed to the stable mean temperature of the cycle, given that the mean
temperature is at or below the optimum temperature for the species and the maximum
temperature experienced during the thermal cycle is below the upper lethal temperature
(Hokanson et al. 1977; Diana 1984; Geist et al. 2011). Energetic benefits can be offset
when the magnitude of thermal change is excessive or maximum temperatures are greater
than a species’ optimum (Recsetar et al. 2014). The longer rate of temperature change
during diel thermal cycles, compared to sub-daily fluctuations, allows fishes to
physiologically acclimate to even severe (e.g., Δ 17ºC) diel thermal changes (Podrabsky
et al. 2004). Thus, fundamental processes in many species appear to be robust to diel
fluctuations in temperature.
Sub-daily thermal changes may affect fishes differently than diel cycles. Subdaily fluctuations can occur naturally in nearshore areas in large lakes (Wells & Parker
2010; Troy et al. 2012; Cossu & Wells 2013) or via anthropogenic activities including
near industrial thermal discharges (Cooke & Schreer 2003; Coulter et al. 2014). Several
studies have focused on how sub-daily thermal variability affects embryos or juveniles
within the first two months of life and have reached contradictory conclusions,
suggesting potential species-specific responses. Coulter et al. (2015) determined that
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increasing the magnitude of 12 h thermal cycles from Δ 4ºC to Δ 8ºC reduced growth
rates in juvenile fathead minnows (Pimephales promelas) during the first 6 weeks of life,
even though the mean and maximum temperatures of the cycles were at or below the
species’ optimum and upper lethal temperatures, respectively. However, yellow perch
(Perca flavescens), European perch (Perca fluviatilis), and walleye (Sander vitreus)
appear resilient to sudden temperature declines, as egg survival, hatching success,
developmental rates, and larval survival were not affected by either acute (≤ 12 h) drops
of up to 8°C (Schneider et al. 2002; Jansen et al. 2009; VanDeHey et al. 2013) or hourly
temperature fluctuations of 3°C (Paxton and Willoughby 2000). Effects on older
juveniles and adults have not been well documented. Sub-daily temperature fluctuations
could provide an energetic benefit and increase consumption and growth rates compared
to individuals held at stable temperatures, similar to fishes experiencing diel temperature
cycles (Hokanson et al. 1977; Diana 1984). Alternatively, due to the increased rate of
temperature change compared to diel cycles, sub-daily variability could induce thermal
stress similar to fishes experiencing a sudden temperature change (e.g., cold-shock).
Such stress can manifest via skin lesions, elevated blood glucose, hematocrit, and plasma
protein levels, and increased liver somatic index (Heath 1995; Bonga 1997), ultimately
increasing susceptibility to diseases and increasing mortality risk (Donaldson et al. 2008).
We conducted a set of laboratory experiments to determine how juvenile and adult fishes
are affected by chronic exposure to repeated sub-daily temperature fluctuations. Yellow
perch and walleye are closely related species (i.e., same family) with similar thermal
preferences (Hokanson 1977) that are commonly found in habitats undergoing sub-daily
thermal changes (White et al. 2005; Stepien et al. 2009; Seegert et al. 2013; Starzynski &
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Lauer 2014). We exposed adult yellow perch and juvenile walleye to repeated sub-daily
thermal fluctuations of two different magnitudes and to the stable mean temperature of
the fluctuations for 45 d. The objectives of this study were to 1) identify whether
exposure to repeated sub-daily temperature fluctuations affect survival, energetics, and
stress responses in fish by comparing to individuals exposed to the stable mean
temperature of the fluctuations, 2) determine whether increasing the magnitude of subdaily thermal fluctuations affects these responses, and 3) examine whether responses to
sub-daily thermal variability differ between two species with similar thermal preferences.

3.3

Methods

We selected the stable temperature treatment (23°C) for both experiments to
reflect each species’ optimum temperature (yellow perch: 23°C; walleye: 22-23°C;
Hokanson 1977), which also corresponded to the mean of the fluctuating treatments
(Figure 1). We determined the magnitude and frequency of the thermal cycles by
identifying the range and periodicity of temperature fluctuations that occur throughout
aquatic systems (see below) while also keeping the maximum temperatures of the
fluctuations below each species’ maximum for consumption (28°C) and upper lethal level
(yellow perch: 33°C; walleye: 32°C; Kitchell et al. 1977); thus fluctuations were 23±2°C
and 23±4°C over 12 h (Figure 1). These thermal cycles do not reflect temperature
fluctuations from a specific study site but reflect variability typical of a variety of
systems. We separately conducted experiments exposing adult yellow perch and juvenile
walleye to these temperature treatments for 45 d. Response variables varied between
experiments, but consisted of survival, consumption and growth rates, and food
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conversion efficiency. We also evaluated indicators of thermal stress, including external
lesions, hematological measures (glucose, hematocrit, plasma proteins), and liver-somatic
index.
Evidence of sub-daily water temperature variability
We analysed water temperature data from the Laurentian Great Lakes and near
power plant thermal discharges on the Ohio River (Figure A.1) to help determine thermal
conditions to use in our experiments. We obtained surface temperature data for the Great
Lakes from the National Oceanic and Atmospheric Administration’s National Data Buoy
Center (NDBC; available at http://www.ndbc.noaa.gov/). Additionally, we examined
temperature data for the entire water column at three nearshore locations in Lake
Michigan; two locations in eastern Lake Michigan (obtained from the NDBC), and a third
location in southern Lake Michigan (Troy et al. 2012). We also measured temperatures
around the heated thermal discharges from two power plants on the Ohio River (Coulter
et al. 2014). We analysed all datasets by calculating the range in temperature within 6 h
and 12 h moving windows (i.e., 3 h and 6 h forward and backward), as well as the mean,
maximum, and standard deviation of the 6 h and 12 h temperature range. We also used
spectral analysis (SAS, version 9.2) to identify the dominant periodicity over which
temperatures cycled (Platt & Denman 1975).
Surface water temperatures from the Laurentian Great Lakes displayed a high
degree of short-term temperature variability where the largest 6 h and 12 h changes we
observed were 10.5°C and 11.7°C, respectively (Table A.1; Figure A.2). Nearshore areas
in eastern and southern Lake Michigan (Figure A.1) also underwent substantial
temperature variability at all depths in the water column. Temperature changes between
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5°C and 10°C occurred at all depths within 6 h and, although less frequent, changes of
15°C within 6 h and 12 h occurred at several depths (Figure 2), including near the
sediment (Figure 3). Fluctuations with a lower magnitude of change were more common.
Across all depths and nearshore sites in Lake Michigan, 20% of observations fluctuated
by 2°C over 12 h and 8% fluctuated by 4°C over 12 h. Spectral analysis identified the
dominant periodicity in water temperature between 17-18 h at all three nearshore Lake
Michigan locations, especially near the sediment. Thermal discharges on the Ohio River
increased the amount of sub-daily thermal variability compared to upstream locations, as
areas near the discharges displayed the highest fluctuations of up to 9°C over 6 h (Table
A.2, Figure 3c; Figure A.2). Among sites downstream from both power plants, 23% of
our observations fluctuated by 2°C over 12 h and 3% by 4°C over 12 h. The dominant
sub-daily periodicity at all locations surrounding the power plants was 12 h. After
examining temperature variability throughout the Great Lakes and the Ohio River, we
selected 12 h fluctuations of ±2°C and ±4°C to use in our experiments. The magnitude
and frequency of these treatments reflect the thermal variability that occurs in these
systems while also not exceeding the maximum temperature for consumption in yellow
perch and walleye (when centered around their optimum 23°C).
Fish responses to sub-daily temperature variability
We exposed fishes in both experiments to a stable 23°C treatment which
represented the mean of the fluctuating treatments and to two cyclical 12 h fluctuations
23±2°C and 23±4°C for 45 d (Figure 1). For each treatment we used eight replicate 114
L opaque, plastic experimental aquaria designed as flow-through systems where water
separately flowed into and out of each tank. We pumped filtered well water from 378 L
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holding tanks to each aquarium, with fluctuating temperature treatment tanks receiving
water alternating between heated and cooled holding tanks. We monitored water
temperatures by placing a temperature logger (HOBO Pro v2) in two tanks in each
treatment that recorded temperatures every 30 min. Each aquarium was aerated and had
flow rates that allowed for complete water exchange every 2 h. All aquaria were partially
covered to reduce light intensity and the photoperiod was 14 h of light and 10 h of
darkness.
We exposed adult yellow perch (age-3) to these temperature treatments for 45
days and achieved temperatures similar to our targeted treatment values; the mean (SD)
temperature was 22.9°C (0.6°C), 22.6°C (1.4°C), and 22.8°C (2.7°C) for the stable 23°C,
23±2°C, and 23±4°C treatment, respectively. Prior to the experiment, we held all
individuals together in one of two 2,402 L flow-through holding tanks at 23°C for two
months. During this period, with the exception of the day prior to the experiment, we fed
individuals Zeigler 5 mm floating pellets (40% protein, 10% lipid, 19,700 J g-1) once per
day. At the start of the experiment, we recorded the length and mass of each fish,
injected a visual implant elastomer (VIE; Northwest Marine Technology, Inc., Shaw
Island, Washington, USA) subcutaneously near the anal fin, and placed four individuals
in each aquarium (Table A.3). Use of unique markers allowed us to calculate growth
rates for each individual during the course of the experiment. We fed yellow perch
Zeigler 5 mm floating pellets in excess once per day during the midpoint of the warming
period of the temperature fluctuations when tank temperatures reached 23°C, and we fed
fish exposed to the stable 23°C at the same time as the fluctuating treatments. We
recorded the dry mass of pellets placed in each tank, allowed fish to feed for 1 h, and
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removed uneaten pellets. After removing uneaten food from each tank, we individually
removed feces from uneaten food using forceps before drying. Occasionally, though, it
was difficult to remove all fragments of feces from uneaten food before drying and,
therefore, estimates of consumption may be slightly underestimated. We then dried any
uneaten food at 60°C for 24 hours and recorded the remaining dry mass (nearest 0.01 g)
for calculations of daily consumption. After 45 days, we euthanized all fish, recorded
each individual’s total length (nearest mm) and wet mass (nearest 0.1 g). In addition, we
noted any external abnormalities of the skin, eyes, or fins. We dried each fish at 60°C for
48 h to compare the percent dry mass among treatments.
The second experiment exposed 11-month old walleye to the stable and
fluctuating temperatures for 45 d. We held walleye in two 2,402 L flow-through holding
tanks at 23°C for 6 months before the experiment. Walleye would not consume
commercial fish pellets, so we fed fish in each tank once per day frozen Mysis, excepting
the day prior to the experiment. We measured each walleye for total length and mass at
the start of the experiment, injected each individual with a unique VIE mark, and placed
two individuals in each experimental aquarium (Table A.3). We fed each tank excess
frozen Mysis once per day during the midpoint of the warming cycle when water
temperatures reached 23°C. We did not record daily consumption for this experiment
because Mysis disintegrated into small fragments during feeding which did not allow for
an accurate quantification of consumption. We instead syphoned and discarded any
uneaten food from tanks after 1 h of feeding. Mean (SD) water temperatures during the
experiment matched our targeted treatment temperatures; 23.4°C (0.5°C), 23.0°C
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(1.4°C), and 23.0°C (2.4°C) for the stable 23°C, 23 ±2°C, and 23 ±4°C treatments,
respectively.
Based on indications of thermal stress during the yellow perch experiment, we
included additional variables in the walleye experiment to further identify thermal stress
responses that may occur. We recorded the total length (nearest mm) and wet mass
(nearest 0.1 g) of each fish immediately after euthanasia and then severed the caudal
peduncle and used a 40 mm heparinized micro-capillary tube to collect a blood sample.
We then centrifuged these samples for 2 min at 13,700 x g and recorded the percent
hematocrit using a micro-hematocrit capillary tube reader (M901, StatSpin, Norwood,
MA, USA). We also took a sample of the plasma from each capillary tube to measure
plasma protein concentration using a portable refractometer (RF30, Extech Instruments,
Nashua, NH, USA). Immediately after severing the caudal peduncle, we also measured
blood glucose levels using a TRUEresult blood glucose meter (Nipro Diagnostics, Inc.,
Osaka, Japan). In addition to hematology, we noted any external abnormalities of the
skin, eyes, or fins, and removed and weighed the liver from each fish to calculate the
liver-somatic index. We then dried each fish for 48 h at 60°C to compare the percent dry
mass across temperature treatments.
When quantifying daily consumption for yellow perch, we were unable to
determine consumption per individual and instead calculated mass-specific daily
consumption (g g-1 d-1) as the dry mass consumed per mass of fish in each aquarium per
day. Relative growth rates for mass were calculated as:
Relative growth (g g

−1

−1 )

d

= −1 +

1
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where Mt is fish wet mass (g) at the end of the experiment, M0 is fish wet mass (g) at the
start of the experiment, and t is the number of days the experiment lasted. Growth in
length was calculated as:
Growth (mm d−1 ) =

𝐿𝐿𝑡𝑡 −𝐿𝐿0
𝑡𝑡

,

where Lt is total length (mm) at the end of the experiment, L0 is total length (mm) at the
start of the experiment, and t is the number of days the experiment lasted. We also
compared food conversion efficiency for yellow perch among treatments which we
calculated as:
Growth �J d−1 �

Food Conversion Efficiency (%) = Consumption (J d−1 ) (100).

In order to determine energetic growth rates (J d-1) for calculating food conversion
efficiency, we estimated energy density of wet mass using the equation from Hartman &
Brandt (1995) for Perciformes:
Energy density (J g −1 ) = −1875 + 309.5(percent dry mass).

Response variables for the yellow perch experiment included: percent survival; the
percent of fish with external skin, eye, or fin abnormalities; mass-specific daily
consumption; growth rates in mass and length; food conversion efficiency; and percent
whole-body dry mass. Response variables for the walleye experiment included: percent
survival; the percent of fish with external skin, eye, or fin abnormalities; LSI; blood
glucose and plasma protein concentrations; percent hematocrit; growth rates in mass and
length; and percent whole-body dry mass. We tested response variables for normality
using a Shapiro-Wilks test (Shapiro & Wilk 1965) and transformed the percent yellow
perch whole-body dry mass in order to approximate a normal distribution. We compared

51
variables measured for each fish among temperature treatments in the yellow perch
experiment using a mixed effects linear model, where temperature treatment was a fixed
effect and tank nested within treatment was a random effect (R, version 2.15.2; Weisberg
et al. 2010). Mass-specific consumption and food conversion efficiency in yellow perch
were only measured as a single value per tank, so we instead compared these two
variables among treatments using an analysis of variance (ANOVA; Fisher 1970; SAS,
version 9.2) and post-hoc Tukey’s test (Tukey 1949). The walleye experiment had two
fish (sometimes one due to mortalities) within each tank, thus precluding the use of a
hierarchical model due to insufficient estimates of within-tank variance. Therefore, we
averaged walleye response variables among individuals within the same tank and
compared tank values across temperature treatments using an ANOVA and post-hoc
Tukey’s test. For two response variables (survival and fish with skin lesions) in both
experiments, all individuals in one or more treatments had the same response (e.g., 100%
survival, no fish with skin lesions). We compared these variables using a Fisher’s exact
test (Fisher 1970), separately comparing the two fluctuating treatments to the stable
treatment with Bonferroni correction for multiple comparisons (Holm 1979).

3.4

Results

Adult yellow perch showed evidence of energetic benefits from sub-daily
temperature fluctuations but also displayed signs of thermal stress. Yellow perch length
and mass were statistically similar among treatments at the start of the experiment (Table
1). Initial mean (SD) total length of yellow perch at the start of the experiment was 204
mm (5 mm) and mean (SD) initial mass was 96 g (11 g). Mortalities only occurred in the
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two fluctuating treatments during the experiment (Figure 4a; Table A.3). Survival in the
23±2°C treatment was statistically lower than the stable 23°C treatment (Fisher’s exact
test: P = 0.024), whereas survival was similar between the 23±4°C treatment and the
stable 23°C (P = 0.24). Furthermore, of the yellow perch surviving throughout the
experiment, significantly more individuals in the 23±2°C (P = 0.005) and 23±4°C (P =
0.024) fluctuations developed skin ulcers compared to the stable 23°C treatment, where
no individuals developed ulcers. Individuals exposed to the 23±4°C fluctuating treatment
had higher mass-specific consumption (F2,21 = 4.9, P = 0.02) compared to the 23±2°C
fluctuation and the stable 23°C treatment (Figure 4b). Food conversion efficiency (F2,21 =
4.7, P = 0.02; Figure 4c) and growth in mass (Table 1) were higher in the 23±4°C
treatment than the stable 23°C treatment, whereas both fluctuating treatments had similar
conversion efficiency and growth in mass. Both growth in length (Table 1; overall mean
± 1 SD = 0.2 ± 0.1) and percent dry mass (Table 1; Figure 4c) were similar among
treatments.
Juvenile walleye displayed different responses than adult yellow perch to the
same temperature treatments. Neither length (F2,20 = 0.01, P = 0.91) or mass (F2,20 = 0.5,
P = 0.59) differed among treatments at the start of the experiment. The initial mean (SD)
total length of walleye across all treatments was 155 mm (11 mm) and mean (SD) initial
mass was 28 g (7 g). We observed four mortalities throughout the 45 day exposure and
all occurred in the stable 23°C treatment, although this decrease in survival was not
statistically different from the fluctuating treatments (Fisher’s exact test: P = 0.45; Table
A.3). Externally, all fish appeared healthy and we did not observe any skin ulcers or
abnormalities of the eyes or fins. Blood glucose (F2,20 = 0.3, P = 0.76) and hematocrit
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levels (F2,20 = 0.9, P = 0.42) did not differ among treatments (Figure 5a). Plasma protein
concentrations were lower in walleye exposed to the fluctuating 23±2°C treatment
compared to the stable 23°C treatment, whereas fish in the 23±4°C treatment had similar
plasma protein concentrations as fish in the other two treatments (F2,20 = 3.6, P = 0.048,
Figure 5b). Liver-somatic index was also similar among treatments (overall mean (SD)
0.9% (0.1%); F2,20 = 0.2, P = 0.86). Relative growth in mass was lower in both of the
fluctuating temperature treatments compared to the stable 23°C treatment (F2,20 = 3.5, P =
0.05; Figure 5c). However, percent dry mass (F2,20 = 1.3, P = 0.29; Figure 5c) and
growth in length were similar among temperature treatments (overall mean (SD) 0.4 (0.1
mm day-1); F2,20 = 1.1, P = 0.34).

3.5

Discussion

Our analyses of field observations indicate that sub-daily water temperature
variability occurs naturally throughout the Great Lakes and artificially near power plant
thermal discharges (Figure 2; Figure 3). Our laboratory experiments revealed that two
thermally similar fish species can respond differently to the same sub-daily temperature
fluctuations; adult yellow perch more efficiently converted food to new biomass and
grew at a faster rate under the highest magnitude 12 h cycle but also displayed signs of
stress (Figure 4), whereas juvenile walleye displayed reduced growth under even
moderate 12 h thermal cycles but did not exhibit further indications of thermal stress
(Figure 5).
Adult yellow perch undergoing prolonged exposure to sub-daily temperature
variability appeared to experience a trade-off between energetic benefits and thermal
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stress. Mass-specific consumption, growth in mass, and food conversion efficiency were
higher in fish experiencing the highest-magnitude sub-daily temperature fluctuation
(23±4°C). The magnitude of change was an important factor in the growth response to
sub-daily thermal variability, as yellow perch exposed to intermediate temperature
fluctuations of 23±2°C had consumption and food conversion efficiency that were not
statistically different from fish exposed to stable temperatures. Other species, including
largemouth bass (Micropterus salmoides; Diana 1984), rainbow trout (Oncorhyncus
mykiss; Hokanson et al. 1977), and Bear Lake sculpin (Cottus extensus; Neverman &
Wurtsbaugh 1994) exposed to diel temperature cycles also exhibit energetic benefits from
short-term temperature fluctuations. The increased growth of yellow perch under the
highest thermal cycle could, in part, be due to the timing that fish fed during our
experiment. Feeding fish during the midpoint of the warming cycle may have allowed
individuals in the 23±4°C treatment to consume more food due to the increasing
temperature, followed by later digesting the majority of their food during cooler
temperatures when metabolic energy use is lower (e.g., Diana 1984; Neverman &
Wurtsbaugh 1994). Increased growth due to feeding in warmer waters and moving to
cooler areas to digest has also been observed in fishes inhabiting natural systems (e.g.,
Armstrong et al. 2013). These laboratory and field studies, however, documented
increases in growth when exposure to different temperatures occurred over a longer time
(≥ 24 h), whereas the rapid rate of thermal change that we exposed yellow perch to still
resulted in similar or higher growth than fish held at the mean stable temperature.
Comparisons of percent dry mass indicated that the elevated growth rate in the 23±4°C
treatment corresponded to increased tissue mass but similar body composition. In
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contrast, Mehner et al. (2011) found that vendace (Coregonus albula) exposed to diel
temperature cycles between 4.5°C and 8°C have similar growth rates compared to
individuals constantly held at 8°C, but that cycling temperatures altered body
composition by increasing water mass and reducing the proportion of lipids and proteins.
Adult yellow perch exposed to both magnitudes of sub-daily temperature
fluctuations also displayed indications of thermal stress that were not observed in
individuals exposed to the stable mean temperature. Thermal stress was evidenced by an
increase in mortalities and prevalence of skin ulcers, both of which were only observed in
fish undergoing sub-daily temperature cycles. Skin ulcers are a common response to
stress and oftentimes indicate a compromised immune system (Noga 2000). Individuals
with skin ulcers in our experiment were still alive after 45 days, although these ulcers
may have caused mortalities if the experiment had continued, as even small skin ulcers
can subsequently result in mortality (Bouck & Smith 1979; Noga 2000). Notably, stress
responses in yellow perch were similar between the moderate and more severe sub-daily
temperature variability treatments.
In contrast, juvenile walleye displayed nearly opposite responses to sub-daily
temperature variability than adult yellow perch, regardless of the magnitude of thermal
change. Mass-specific growth rate was one of the few response variables that was
affected by the temperature treatments, where growth in mass was lower in walleye
exposed to temperature fluctuations, regardless of the magnitude of change, than to
walleye experiencing stable temperatures. Mass-specific metabolism is higher for
juvenile than adult fishes (Post 1990; Madon & Culver 1993) and may be higher in fishes
experiencing cycling temperatures than stable mean temperatures (e.g., Hokanson et al.
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1977). Differences in growth, therefore, may have been due to an increased energetic
demand from fluctuating temperatures that was not overcome by feeding once per day on
Mysis. This strongly suggests the need for sufficient high-quality prey to be available in
habitats undergoing sub-daily temperature variability.
The results from this experiment support past findings that early life stages in
walleye have high tolerance to rapid thermal changes. Schneider et al. (2002) exposed
walleye embryos to a rapid 14°C decrease in temperature lasting several days and
observed no effect on survival or developmental rates of embryos and larvae compared to
stable temperature treatments. Although walleye growth rate in our experiment was
affected by thermal variability, they did not otherwise exhibit a stress response to the
temperature treatments. This may be due to the long duration of the experiment (45 d)
where walleye may have become acclimated to the temperature regimes by the time
stress responses were measured (e.g., Coulter et al. 2015). We examined a suite of
potential stress responses and only blood plasma protein concentration was different
among treatments, where walleye in the moderately fluctuating treatment (23±2°C) had
slightly lower plasma protein concentrations compared to the other treatments. We are
unclear why plasma protein concentrations were not affected by an increased magnitude
of temperature change between the two fluctuating treatments. Changes in plasma
protein concentrations are commonly used as a non-specific indicator of environmental
stress, although measurements using refractometry can be less accurate, as this technique
also measures other solids in the plasma (George 2001). Overall, young walleye appear
to be relatively tolerant to sub-daily changes in water temperature.
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Wild fishes living in thermally variable environments can oftentimes adjust their
exposure to temperature fluctuations by moving among habitats with different
temperatures. Individuals seeking relatively stable temperatures can minimise exposure
to temperature fluctuations by moving to areas with more suitable temperatures
(Heufelder et al. 1982), however less mobile species (Houde 1969; Ray & Corkum 2001)
may be limited in their ability to behaviourally thermoregulate. In contrast, some fishes
may be attracted to habitats undergoing sub-daily thermal changes. For example, annual
surveys of fish assemblages near power plant thermal discharges (Lohner & Dixon 2013)
indicate that a variety of species use these thermal plumes and many are attracted to the
effluent, especially during winter (EPRI 2009). Not only are these fishes experiencing
sub-daily temperature fluctuations while staying in the thermal plume, movement studies
show that some individuals frequently move into and out of the heated waters (Ross &
Winter 1981; MacLean et al. 1982).
Fishes currently inhabiting thermally dynamic environments may experience even
more severe temperature fluctuations in the future. Temperature variability in lakes
occurs during the period of thermal stratification and is oftentimes caused by oscillations
of the thermocline (Troy et al. 2012), and thermal stratification has been lasting longer
and establishing earlier in many systems (McCormick & Fahnenstiel 1999; Livingstone
2003; Winder & Schindler 2004; Stainsby et al. 2011). This not only exposes fishes to
fluctuations for a longer period but could also overlap with spawning in some species,
including yellow perch that spawn in the nearshore areas of Lake Michigan (Starzynski &
Lauer 2014) where sub-daily thermal fluctuations are common (Troy et al. 2012).
Additionally, shifts in wind patterns (e.g., Waples & Klump 2002) potentially could alter
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the magnitude or location of thermal fluctuations associated with internal waves (e.g.,
thermocline movement) and upwelling events in lakes.
More research is needed to fully characterise current and future sub-daily
temperature variability and to better identify how different species and life stages are
influenced by these conditions. Field studies relating water temperature to biotic
communities should consider quantifying the spatial and temporal thermal variability of
the system instead of using measurements taken at a single location and time.
Characterising fine-scale spatial and temporal thermal characteristics and identifying how
different species and life stages respond to these conditions will provide a more accurate
understanding of how organisms interact with their environment and, thereby, how to
more effectively manage these populations. Moreover, understanding the ecological
effects of sub-daily water temperature variability will become increasingly important as
climate change increases the duration of thermal stratification in many systems
(McCormick & Fahnenstiel 1999; Livingstone 2003; Stainsby et al. 2011), and industrial
effluents continue to alter temperature variability due to increasing energy demand
(Franco & Sanstad 2008; Parkpoom & Harrison 2008).
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Figure 3.1 Mean temperature treatment during the 45 d experiment for a) the stable 23°C
treatment, b) a cyclical 12 h fluctuation of 23±2°C, and c) a cyclical 12 h fluctuation of
23±4°C. Dotted lines represent the temperature range.
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Figure 3.2. Water temperature variability over 6 and 12 h periods at nearshore areas in a)
southern Lake Michigan near Michigan City, IN from 25-June to 5-October in 2009, b)
eastern Lake Michigan near Holland, MI (station 45029) from 5-June to 30-October in
2013, and c) eastern Lake Michigan near Muskegon, MI (station 45024) from 5-June to
30-October in 2013. Data for eastern Lake Michigan sites were obtained from the
National Oceanic and Atmospheric Administration’s National Data Buoy Center
(http://www.ndbc.noaa.gov/).
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Figure 3.3. Range in water temperature over a 12 h moving window (6 h forward and 6 h
backward) a) near the sediment (21 m depth) in eastern Lake Michigan near Ludington,
MI (station ID: 45029) during 2013, b) near the sediment (11 m depth) in southern Lake
Michigan near Michigan City, IN in 2009, and c) at the source of the thermal discharge at
the Tanners Creek power plant on the Ohio River near Lawrenceburg, IN in 2010.

63

Figure 3.4. Responses of adult yellow perch after exposure to either a stable 23°C
treatment or 12 h cyclical fluctuations of 23±2°C and 23±4°C for 45 d. a) The percent of
yellow perch surviving to the end of the experiment and the percent that developed skin
ulcers. b) Mass-specific consumption and relative growth rates, and c) food conversion
efficiency and whole-body percent dry mass. Letters indicate significant differences
among treatments.
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Figure 3.5. a) Blood glucose, hematocrit, and b) plasma protein levels of juvenile
walleye after exposure to either a stable 23°C treatment or 12 h cyclical fluctuations of
23±2°C and 23±4°C for 45 d. c) Mass-specific growth rates and whole-body percent dry
mass. Different letters indicate significant differences among treatments.
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CHAPTER 4. FLUCTUATING WATER TEMPERATURES AFFECT
DEVELOPMENT, PHYSIOLOGICAL RESPONSES AND CAUSE SEX
REVERSAL IN FATHEAD MINNOWS

Reprinted (adapted) with permission from (Coulter D.P., Höök T.O., Mahapatra C.T.,
Guffey S.C., & Sepúlveda M.S. 2015. Fluctuating water temperatures affect
development, physiological responses and cause sex reversal in fathead minnows.
Environmental Science & Technology. 49: 1921-1928). Copyright (2015) American
Chemical Society.

4.1

Abstract

Natural and human activities can result in both high temporal and spatial variability
in water temperature. Rapid temperature changes have the potential to dramatically
affect physiological processes in aquatic organisms and, due to their limited mobility, fish
early life stages are particularly vulnerable to ambient temperature fluctuations. In this
study, we examined how the magnitude and frequency of temperature fluctuations affect
survival, growth, development, expression of thermoresponsive genes, and gonadal
differentiation in fathead minnows, Pimephales promelas. We exposed individuals (0 to
4 days post fertilization) of known genotypic sex to fluctuations of Δ4°C over 12-h, Δ8°C
over 12- and 24-h and three stable temperatures (21, 25 and 29°C) for up to 45 d.
Expression of hsp70 in fish exposed to the highest-magnitude, highest-frequency
fluctuating treatment cycled in concert with temperature and was upregulated initially
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during exposure, and may have contributed to temperature fluctuations having little effect
on time to and size at hatching (whole-organism responses). This treatment also caused
fish to undergo non-directional sex reversal. These results indicate that hsp70 may be
involved in mediating thermal stress from sub-daily temperature fluctuations and that sex
determination in fathead minnows can be influenced by cycling temperatures.

4.2

Introduction

Ambient water temperature is one of the most important environmental conditions
affecting aquatic ectotherms, influencing biochemical reactions and fundamental
physiological responses (Brett 1956). Rapid temperature changes can have important
biological consequences for aquatic organisms; however, these effects are largely
dependent upon the magnitude and frequency of the temperature fluctuation. Aquatic
organisms commonly experience diel temperature variability in the form of day-night
warming and cooling patterns whereby extreme fluctuations of up to 14-16°C (Heath et
al. 1993; Podrabsky et al. 1998) can occur in some systems, and similar fluctuations can
be experienced by organisms undergoing diel migrations between separate water masses
with different temperaturesm (Neverman & Wurtsbaugh 1994; Weng & Block 2004;
Armstrong et al. 2013). More rapid (sub-daily) thermal changes can also occur in some
environments over a matter of hours. For instance, temperature fluctuations in some
nearshore areas in large lakes regularly occur over a period of 12 to 18 h with thermal
changes up to 5-10°C, regardless of depth (Wells & Parker 2010; Troy et al. 2012).
Moreover, human activities can result in both high temporal and spatial thermal
variability (e.g. industrial thermal discharges; Coulter et al. 2014) and climate change
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forecasts indicate that many regions may experience more variable temperatures in the
future (Easterling et al. 2000; Milly et al. 2002; Schär et al. 2004).
Aquatic ectotherms respond to short-term temperature variability at various levels
of biological organization. Molecular-level responses facilitate maintenance of proper
cell function under thermal stress. Production of different heat-shock proteins (HSP) is
an essential response to maintaining protein homeostasis under different stress conditions
(Iwama et al. 1998), including temperature variability. A variety of ectotherms produce
HSPs in response to 24-h temperature fluctuations. For example, HSP70 production in
ectotherms corresponds to daily temperature cycles (Schill et al. 2002), and can be
dependent upon the magnitude of thermal change (Folguera et al. 2011). In addition to
HSPs, insertion of cholesterol into cell membranes may be important for maintaining
membrane structure under elevated temperatures (Robertson & Hazel 1995; Hassett &
Crockett 2009) and gene expression for an enzyme involved with cholesterol synthesis, 3hydroxy-3-methylglutaryl-CoA synthase (HMG-CoA), appears to play a role in shortterm acclimation to relatively severe daily temperature cycles in fish (Podrabsky &
Somero 2004). It is unclear, though, whether these same molecular processes can aid
organisms in acclimating to more frequent variability where temperatures fluctuate over
several hours.
Molecular-level responses can act to offset thermal stress from temperature
fluctuations, thus resulting in minimal effects at the whole-organism level. This may
explain how embryos from multiple fish species exposed to sub-daily temperature
fluctuations or a single temperature decrease maintain high survival rates and normal
development (Paxton & Willoughby 2000; VanDeHey et al. 2013). Nevertheless,

68
decreased reproductive output defined as lower production of eggs and fertilization rates
can decrease in fish exposed to high-magnitude daily temperature changes (Podrabsky et
al. 2008), and the risk of disease infection in an aquatic invertebrate increased as the
magnitude of diel thermal variability increased (Ben-Horin et al. 2013). However,
whole-organism responses to temperature variability may be influenced by interactions
among species-specific responses, the magnitude and frequency of temperature changes
and the developmental timing of exposure conditions.
Changes in water temperature can also have lasting impacts on whole populations
when individuals are exposed to extreme temperatures during early life development.
Sex determination in many reptiles (Janzen 1994; Wallace et al. 1999), amphibians
(Wallace et al. 1999), and fishes (Devlin & Nagahama 2002) can be influenced by the
environmental temperature experienced during gonadal development, which can result in
skewed sex ratios. This phenomenon is most commonly documented under stable
extreme temperatures but has also been observed in larval fish experiencing a single
temperature change (Goto-Kazeto et al. 2006). Although it is apparent that in some taxa
elevated temperatures or a single thermal change can affect gonadal differentiation, the
role of rapid temperature fluctuations on sex determination and resulting sex ratios has
received little attention.
The consequences of water temperature variability are particularly important for
early life stages in fishes. Fish embryos in many species remain in a fixed location until
hatch29-31 and have the potential to be subjected to temperature fluctuations through time.
Once hatched, larvae have limited mobility (Houde 1989) and can be subjected to both
temporal and spatial thermal variability. Moreover, developmental rates and growth
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during the first year of life can be important for subsequent survival to adult stages
(Houde 1989). For many fish species, there is a period after hatching that extends for a
few hours to several weeks in which environmental conditions can influence gonadal
differentiation (Devlin & Nagahama 2002). Therefore, temperature fluctuations
occurring during this period could potentially affect sex differentiation and sex ratios in
some species. However, studies exploring the effects of fluctuating temperatures on fish
early life typically examine a single magnitude and frequency of temperature change, and
investigate a narrow set of responses (e.g., whole-organism responses).
We conducted a series of laboratory experiments to identify how both the
magnitude and frequency of temperature variability affect early life stages in a
gonochoristic fish species, the fathead minnow, Pimephales promelas, at multiple levels
of biological organization. Fathead minnows inhabit a variety of aquatic systems
throughout a broad geographic distribution and act as an ecologically important forage
species. This species can tolerate a broad range of water temperatures (Dyer et al. 1991;
Duffy 1998) and is commonly used as a model organism in laboratory experiments,
especially for investigating molecular processes. Sex in fathead minnows is determined
genetically and can be reversed by exposure to environmental conditions (Kidd et al.
2007) until approximately 13 days-post-fertilization (dpf) for ovarian differentiation and
22 days-post-fertilization for testicular differentiation (Uguz 2008). Our experiments
investigated how the magnitude and frequency of temperature fluctuations influence: 1)
expression of genes involved in the production of heat-shock proteins and cholesterol, 2)
embryo and larval survival and development, 3) survival and growth after long-term
exposure and 4) gonadal differentiation in fathead minnows.
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4.3

Methods

Treatments and Organism
We exposed fathead minnows to one of six temperature treatments (Figure 1).
Three fluctuating treatments consisted of: complete fluctuations of Δ4°C (23°C to 27°C)
over 12 h; complete fluctuations of Δ8°C (21°C to 29°C) over 12 h; and complete
fluctuations of Δ8°C (21°C to 29°C) over 24 h. The three stable treatments represented
the minimum, mean, and maximum of the Δ8°C fluctuations. Within each treatment, fish
were placed in 56 L aerated aquaria, with the number of replicates varying among
experiments (described below). See Appendix B for more details.
Fathead minnow embryos and larvae came from our breeding colony that we have
maintained for multiple generations at 25°C. When starting all experiments, the breeding
colony did not produce enough embryos to begin all replicate aquaria on the same day.
Therefore, we began one replicate for each temperature treatment every day (e.g.,
replicate number one for all treatments started on day one).
Gene Expression: hsp70, hsp90, hmg-coa
This experiment investigated how gene expression in fathead minnow embryos
was affected by temperature variability through time. For this experiment, we placed
eighty recently fertilized (< 8 hours post fertilization; hpf) fathead minnow embryos
among two 500-μm mesh baskets in one of three replicate aquaria per treatment (i.e., the
six thermal treatments described above). Twice per day we removed and flash-froze nine
embryos from each aquarium at times corresponding to the maximum and minimum of
the temperature fluctuations. We collected embryos from the stable temperature

71
treatments at the same time as the 12-h fluctuating treatments, with embryos collected for
five days. We stored samples at -80°C until processed for gene expression.
We used real-time quantitative polymerase chain reaction (qPCR) to quantify the
mRNA expression of hsp70, hsp90 and hmg-coa in fathead minnow embryos at each
sampling event. We examined expression of these genes because different HSPs may
respond differently to temperature cycles, and hmg-coa has also been shown to be
responsive to 24-h temperature fluctuations (Podrabsky & Somero 2004). See Section S1
of the Supporting Information for details of RNA extraction and qPCR protocols.
The experimental unit for this trial was each of three replicate 56 L aquaria per
treatment. We first analyzed gene expression through development within each treatment
by normalizing target gene expression values to that of the housekeeping gene, ribosomal
protein L8 (rpl8), and calculated expression levels relative to the first sampling time (i.e.,
ΔΔCt method relative to hour 4; Pfaffl 2001); the CT value of rpl8 was observed to not
vary appreciably among treatments. We compared expression through development
using a repeated-measures ANOVA and Dunnett’s test to identify sampling times that
differed from the start of the experiment (hour 4). For comparisons among temperature
treatments at each sampling time, we normalized target gene expression to that of the
housekeeping gene and calculated expression relative to the control at each sampling time
using the ΔΔCt method (Willems et al. 2008). For each target gene, we compared
relative expression among the six temperature treatments (3 replicate aquaria) for each
sampling time using ANOVA with post-hoc Tukey’s test. We also evaluated patterns in
gene expression through time within a treatment using a runs test. This allowed us to
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determine whether increases or decreases in mean expression displayed a non-random
pattern through time.
Embryonic and Larval Development
This experiment examined how stable or variable thermal conditions affect early
life development in fathead minnows from a whole-organism perspective. We used only
recently spawned (< 8 hpf) fathead minnow embryos from our breeding colony for this
experiment. After removing embryos from spawning tiles in the breeding colony, we
assessed fertilization using a dissecting microscope and photographed each viable
individual for later measurements of egg diameter. We pooled these embryos and
assigned twenty to each experimental aquarium (eight replicate aquaria for each of the six
temperature treatments). In order to allow for water exchange, we placed twenty
embryos in one of two floating mesh (500 μm) baskets (ten per basket) within each
aquarium. We inspected embryos every 8 h for signs of hatching and once hatched, we
removed yolk-sac larvae and photographed individuals under a dissecting microscope.
We used these photographs to later measure total length and yolk-sac volume (an
indicator of energy reserve) of each individual (described in the Supporting Information
Section S1). After taking photographs, which took approximately 3 min or less, we
placed yolk-sac larvae into 100 mL beakers suspended in their original aquarium. These
beakers did not have water exchange with the aquarium so we exchanged water in each
beaker with water from the aquarium three times per day. We monitored yolk-sac larvae
every 8 h and transferred up to ten swim-up (free-swimming stage) larvae per aquarium
into separate 100 mL beakers where we observed swim-up larvae every 8 h and recorded
survival time without feeding as an indicator of energy use.
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For statistical analyses, the independent experimental unit for this experiment was
each of eight replicate 56 L aquaria per treatment. Therefore, we first averaged response
variables of individuals from the same aquarium and used this mean value for subsequent
comparisons. In order to account for variability among individuals in the same aquarium
that is lost when averaging values from individuals within a replicate, we used a weighted
analysis of variance (ANOVA) to compare initial embryo diameter, time to hatch, length
of yolk-sac larvae, yolk-sac volume and survival time after swim-up. Replicate aquaria
were weighted by inverse standard error of the response variable. We compared hatching
success and the proportion of individuals reaching swim-up across treatments using
unweighted ANOVA because these proportions were calculated from the same number of
individuals initially placed in each aquarium (i.e., one value per aquarium).
Juvenile Development: Survival, Growth, Gonadal Differentiation
This experiment examined how prolonged exposure to temperature fluctuations
for 45 days affects survival, growth and gonadal differentiation in juvenile fathead
minnows compared to stable temperatures. In order to minimize embryo mortality that
could affect the final sample size, we hatched embryos in our breeding colony at 25°C
and placed 50 swim-up larvae (four days-post-hatch) in one of six replicate aquaria per
treatment. Since ovarian differentiation in fathead minnows is not complete until
approximately 13 days-post-fertilization and testicular differentiation until approximately
22 days-post-fertilization (Uguz 2008), larvae were exposed to treatment temperatures for
at least nine days before undergoing gonadal differentiation. We fed fish in each
aquarium recently hatched Artemia in excess three times per day for the first 25 days, and
frozen adult Artemia in excess three times per day for the following 20 days.
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After 45 days, we euthanized all fish and weighed and measured total length of all
individuals. We also collected tissue samples to determine whether individuals
underwent sex reversal. Male fathead minnows in our breeding colony contain a sexlinked DNA marker that allows us to identify genotypic sex (Olmstead et al. 2001). To
identify genotypic sex, we flash-froze fin clips from each individual and stored these
samples at -80°C until processing. We followed previously established methods
(Olmstead et al. 2011) to detect genotypic males from females (see Figure 1a). For
phenotypic sex identification, we removed the abdominal section of each fish and
preserved it in 10% buffered formalin for later histological processing at the Histology
and Phenotyping Laboratory at Purdue University. Abdominal sections were dehydrated,
embedded in paraffin, and five consecutive sections (5 µm) were taken for each
individual. These sections were then stained with hematoxylin and eosin for visual
identification of gonadal tissue (Figure 1b-c). Sex reversal occurred when an individual
had a mismatch between genetic and phenotypic sex.
We compared survival and phenotypic sex ratios among treatments using
ANOVA and compared final mass and length using a weighted ANOVA, where weights
for each aquarium were the inverse standard error. Differences were identified using
post-hoc Tukey’s tests. We used Fisher’s exact test to compare the number of sexreversed fish between a treatment and the 25°C control.
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4.4

Results

Gene Expression: hsp70, hsp90, hmg-coa
Expression of hsp70 in the stable 25°C control increased with development after
52 h (F7,14 = 47.8, p-value < 0.001; Figure 2B), while expression in the other treatments
did not display consistent patterns with development. Comparisons among treatments
identified differences in hsp70 expression among fluctuating thermal regimes.
Expression of hsp70 in the Δ4°C 12-h fluctuating treatment and the Δ8°C 24-h
fluctuation was similar to the stable 25°C control at all time periods throughout the
experiment (all p-values > 0.05) and displayed no detectable patterns of expression
through time (all p-values > 0.05; Figure 2A,B). In contrast, hsp70 expression in the
Δ8°C 12-h fluctuating treatment was higher than the control at the beginning of the
experiment at hours 4 (F5,12 = 5.8, p-value = 0.007) and 29 (F5,12 = 7.0, p-value = 0.003)
which coincided with the maximum temperatures during the fluctuation (Figure 2C).
After hour 29, hsp70 expression was similar to the control until hour 95 when expression
was lower (F2,6 = 43.9, p-value = 0.003). Expression of hsp70 in the Δ8°C 12-h
fluctuating treatment displayed a non-random pattern through time (p-value = 0.03) in
which expression cycled positively in concert with the cycling temperature. We also
observed differences in hsp70 expression among stable temperatures, although expression
in these treatments did not follow patterns with water temperatures (see Supporting
Information).
Unlike hsp70, hsp90 (F7,14 = 1.2, p-value = 0.36) and hmg-coa (F7,14 = 1.0, pvalue = 0.45) expression did not change significantly with development in the 25°C
control (Figure 2) or in the other temperature treatments. Comparisons of hsp90 and
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hmg-coa expression among treatments did not identify meaningful responses due to water
temperature (see Supporting Information). Additionally, expression of both genes
displayed random patterns through time in all treatments (see Supporting Information).
Embryonic and Larval Development
Mean (SD) egg diameter at the start of the experiment was 1.323 (0.047) mm and
was similar across temperature treatments (F5,42 = 0.23, p-value = 0.95), indicating that
embryo assignment to experimental aquaria should not affect subsequent comparisons of
response variables. Temperature treatments did not affect hatching success of embryos
(F5,42 = 0.69, p-value = 0.64; overall mean [SD]=67% [15%]) but did influence mean
time to hatch (F5,42 = 9.8, p-value < 0.001; Figure 3A). The stable 21°C treatment had a
longer time to hatch than other treatments, but all fluctuating treatments, regardless of
magnitude or frequency of change, had similar time to hatch as the 25°C control.
Temperature treatments did not significantly affect the total body length of newly
hatched yolk-sac larvae (F5,42 = 1.6, p-value = 0.18; overall mean [SD] = 4.916 [0.195]
mm) or the volume of their yolk-sac (F5,42=0.1, p-value = 0.99; overall mean [SD] =
0.093 [0.037] mm3), an index of energy reserve. The mean duration individuals spent as
yolk-sac larvae (F5,42 = 2.1, p-value = 0.09; overall mean [SD] = 28 [13] h) and the
proportion of larvae reaching swim-up (F5,42 = 0.9, p-value = 0.47) were similar among
treatments. We did observe differences in survival time after larvae reached swim-up,
indicating differences in energy use at this stage (F5,42 = 7.8, p-value < 0.001; Figure 3B).
Larvae exposed to the fluctuating treatment with the highest magnitude and longest
frequency (Δ8°C 24-h) survived for a shorter period after reaching swim-up than those
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exposed to the stable 25°C control, and survival time in this treatment was similar to
larvae exposed to the other fluctuations and to the stable 29°C treatment.
Juvenile Development: Survival, Growth, Gonadal Differentiation
Survival was lower in fish held at a stable 21°C for 45 days than at the stable
25°C and 29°C treatments (F5,30 = 3.9, p-value < 0.01; Figure 4A) but was similar among
the fluctuating treatments and the 25°C control. Final mass was higher in the moderate
Δ4°C 12-h fluctuation than both the more severe Δ8°C 12-h fluctuation and the stable
21°C treatment (F5,30 = 2.7, p-value = 0.04; Figure 4B). Likewise, mean length was
highest in the Δ4°C 12-h fluctuation and was significantly different from the stable 21°C
treatment (F5,30 = 3.5, p-value = 0.01; Figure 4C).
Mean phenotypic sex ratios, as determined from histological sectioning, did not
differ among temperature treatments (F5,13 = 0.6, p-value = 0.71) and ranged from 41% to
53% males (Figure 5A). However, by comparing genetic sex to phenotypic sex, we
observed sex reversal occurring in a low percentage of fish exposed to both Δ8°C
fluctuating treatments (Figure 5B). A mean of 6.9% (7 individuals) of fish in the Δ8°C
12-h fluctuation underwent sex reversal and was significantly different from the 25°C
control (Fisher’s exact test: p-value = 0.02). Only one individual (1.3%) in the Δ8°C 24h fluctuation exhibited sex reversal which was a genetic male reversed to a phenotypic
female. We did not find sex reversal occurring in any of the stable temperatures or in the
Δ4°C 12-h fluctuating treatment. Interestingly, the sex reversals in the most extreme
treatment (Δ8°C 12-h) did not affect overall sex ratios, as nearly equal numbers of fish
were reversed to either male or female (3 and 4 individuals, respectively).

78
4.5

Discussion

Our results indicate that the magnitude and frequency of temperature fluctuations
we examined had little effect on the survival or rate of development of fathead minnow
embryos and larvae. Expression of hsp70 was initially upregulated during the peaks of
the temperature fluctuations and positively cycled with temperature, leading us to
hypothesize that expression of hsp70 may be involved in mediating thermal stress caused
by sub-daily, high-magnitude temperature fluctuations. The magnitude of thermal
change, however, did have an effect on growth after chronic exposure, where increasing
the magnitude of temperature change from Δ4 to Δ8 over a 12-h cycle decreased final
mass after 45 days. Interestingly, chronic exposure to the highest magnitude, most
frequent (Δ8 12-h) cycle also caused a small percentage of juvenile fish to undergo sex
reversal, with no particular trend to either sex. To our knowledge, this is the first study to
document repeated sub-daily temperature fluctuations causing sex reversal in fish.
We found no differences in survival or rate of development of embryos and larvae
between any fluctuating temperature treatment and the stable 25°C control (i.e., the mean
of the fluctuations). The only exception was the survival time of larvae after reaching
swim-up where the highest magnitude, longest frequency (Δ8°C 24-h) fluctuation had
shorter survival time compared to the 25°C control, but was similar to the stable 29°C
treatment. These larvae likely had higher metabolic rates due to prolonged exposure to
the highest temperatures. Fish embryos and larvae in other species also demonstrate
resiliency when exposed to short-term thermal changes. Yellow perch, Perca flavescens,
embryos exposed to acute decreases of 4°C and 8°C have similar survival compared to
those exposed to stable temperatures (VanDeHey et al. 2013), and the percentage of
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walleye, Sander vitreus, reaching swim-up is similar between larvae experiencing 14°C
temperature fluctuations lasting several days and those exposed to a stable control
temperature (Schneider et al. 2002). Similar responses also occur in other aquatic
ectotherms. Diel temperature fluctuations of Δ4°C and Δ8°C also do not affect smooth
softshell turtle, Apalone mutica, hatching success (Ashmore & Janzen 2003). Chronic
exposure (45 days) of juvenile fathead minnows to our temperature fluctuations also did
not negatively affect survival or growth compared to the stable control treatment.
Moderate daily temperature fluctuations have also caused adult fish to have similar
(Mehner et al. 2011) or increased (Diana 1984) growth compared to fish in static
temperatures. However, increasing the magnitude of the temperature fluctuation reduced
the final mass of juvenile fathead minnows. Such responses to thermal variability can be
important determinants of overwinter survival in temperate systems (Garvey et al. 1998)
and successful recruitment into the adult population (Madenjian et al. 2005).
Although we did not examine whether an increase in hsp70 expression was
translated into increased production of HSP70 proteins, our results suggest that hsp70
expression may be important for fathead minnow embryos to mediate the thermal stress
of rapid, sub-daily temperature variability. Expression of hsp70 in the Δ8°C 12-h
fluctuating treatment was higher during the peaks of the temperature cycle for the first 30
h of exposure, beyond which embryos appeared to become acclimated. However, hsp70
expression continued to cycle along with water temperature throughout the experiment.
In contrast, we did not find evidence that either hsp90 or hmg-coa aid in acclimating to
sub-daily temperature fluctuations, regardless of the magnitude of the thermal cycle.
Somewhat similar patterns in gene expression have been observed in adult annual
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killifish where instead of hsp70, increased expression of hsp22 and hsp27 becomes
induced by Δ16°C diel fluctuations (Podrabsky & Somero 2004). The production of
HSPs may play a role in mediating thermal stress caused by high-magnitude, including
sub-daily, temperature fluctuations, and the specific type of HSP produced in response to
these conditions may be species specific. However more studies are needed to directly
establish these relationships.
In addition to mediating the effects of thermal stress in embryos and larvae, we
hypothesize that HSP production in fathead minnows exposed to the highest magnitude,
most frequent (Δ8°C 12-h) fluctuation may have contributed to the sex reversal we
observed in this treatment. Regulation of the gonadal aromatase (cyp19a) isoform has
been recognized as an important mechanism leading to temperature-dependent sex
determination in fish and reptiles. This enzyme aromatizes testosterone into estradiol17β and, if inhibited, can ultimately result in masculinization and male-dominated sex
ratios (Guiguen et al. 2009). Heat-shock proteins may affect gonadal differentiation by
regulating aromatase production. Experimental evidence supports this, as ovaries in
American alligator, Alligator mississippiensis, neonates exposed to extreme temperatures
have higher expression of both hsp70a and cyp19a1 compared to testes (Kohno et al.
2009). Nile tilapia, Oreochromis niloticus, exposed to high temperatures show only a
negative correlation between cyp19a1a expression and expression of four hsps, including
hsp70, in ovaries (Li et al. 2014). In our study, increased expression of hsp70, which was
upregulated initially during the maximum temperatures in our Δ8°C 12-h treatment,
could have enhanced cyp19a expression, in turn increasing estrogen synthesis. However,
it is unclear whether these mechanisms led to sex reversal in our study because only a
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small percentage of fish underwent sex reversal where reversal was non-directional. This
is in contrast to other studies examining sex reversal under stable temperatures where
typically a high percentage of individuals are reversed towards a specific sex (Janzen
1994; Lang & Andrews 1994; Craig et al. 1996).
Alternatively, the non-directional sex reversal we observed may be explained in
the context of HSPs acting as capacitors of phenotypic variation. The production and
abundance of stress proteins, including HSP70 and HSP90, can affect phenotypic
diversity in both laboratory and wild populations of diverse taxa (Rutherford & Lindquist
1998; Queitsch et al. 2002; Di Lellis et al. 2014). Induction of HSP70 and HSP90 in
response to an environmental stressor, for example, commonly leads to low phenotypic
diversity, whereas experimentally suppressing these proteins can result in an increase in
phenotypic variation (Rutherford & Lindquist 1998; Roberts & Feder 1999; Queitsch et
al. 2002; Köhler et al. 2009; Di Lellis et al. 2014). This process may have occurred in
our Δ8°C 12-h treatment where both non-directional sex reversal occurred and hsp70
expression rapidly fluctuated over the first 29 hours of exposure. Such variability in gene
expression and, presumably, protein levels could have led to the increased variability in
sex reversal that only occurred in this treatment. In contrast, expression of hsp70 and
hsp90 was relatively low and stable in the other temperature treatments where sex
reversal did not occur. In addition to variability in hsp70 expression, it is plausible that
the non-directional nature of sex reversal may have been influenced by differences in
developmental stages among embryos. Since embryos at the start of the experiments
ranged in age by up to 8 h, they were not exposed to the maximum and minimum
temperatures during the Δ8°C 12-h fluctuation at the same exact stages of development.
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It is unknown at this time which window of exposure may have led to one sex or the
other, but this observation would imply that extreme thermal stress experienced during
embryo development can result in long-lasting impacts on gonadal differentiation.
Although the exact mechanism is unclear, the non-directional reversal is likely an effect
of the cycling nature of the temperature treatment.
Our study is the first to document temperature-induced sex reversal occurring in
fathead minnows. We observed sex reversal occurring in a small percentage of
individuals exposed to the highest magnitude, shortest frequency temperature fluctuations
(Δ8°C 12-h). We did not, however, observe sex reversal occurring under stable
temperatures which supports the results of the only other study to investigate the role of
water temperature on gonadal differentiation in fathead minnows (Brian et al. 2011). The
fact that sex reversal was non-directional and was not detectable by examining
phenotypic sex ratios illustrates the importance of directly quantifying sex reversal when
assessing environmental effects on gonadal differentiation. Sex reversal not only
provides a more direct indicator of environmental influences on gonadal differentiation,
but provides more statistical power when sample sizes are low and effect sizes are small
(Olmstead et al. 2010). The ecological consequences of the sex reversal noted in this
study may be minimal, since phenotypic sex ratios were unaffected and sex-reversed
individuals are likely as fertile as non-reversed fish (Senior et al. In Press). More
research is needed to identify whether different species will display the same patterns of
non-directional sex reversal under sub-daily temperature variability, how sex reversal
will manifest under different temperature fluctuations, and the mechanisms leading to
non-directional sex reversal under extreme thermal variability. Observations (McGregor
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et al. 2007; García‐Reyes & Largier 2010) and climate change projections (Easterling eta
al. 2000; Meehl & Tebaldi 2004; Schär et al. 2004) indicate increases in the magnitude
and frequency of temperature variability in many regions of the world. Therefore, it will
become increasingly necessary to explore in detail how aquatic ectotherms are affected
by rapid thermal changes.
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Figure 4.1. Fathead minnows were exposed to one of six water temperature treatments:
(A) three stable temperatures of 21°C, 25°C, and 29°C; (B) complete Δ4°C fluctuations
every 12 h; (C) complete Δ8°C fluctuations every 12 h; and (D) complete Δ8°C
fluctuations every 24 h.
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Figure 4.2. Expression of hsp70 in fathead minnow embryos exposed to (A) Δ4°C 12-h
fluctuations, (B) Δ8°C 24-h fluctuations and (C) Δ8°C 12-h fluctuations. The dashed
lines indicate a 1:1 ratio relative to expression in the 25°C control, and expression values
represent the mean (SE) of three replicate experimental aquaria.
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Figure 4.3. (A) Time to hatch for fathead minnow embryos and (B) survival time of
larvae after reaching swim-up. Different letters indicate significant differences among
treatments and bars represent the means (SE) of eight replicates.
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Figure 4.4. (A) Survival, (B) final mass, and (C) total length of juvenile fathead minnows
after exposure to temperature fluctuations for 45 days. Different letters indicate significant
differences among treatments and bars represent the means (SE) of six replicates.
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Figure 4.5. (A) Phenotypic sex ratios and (B) the percentage of individuals undergoing sex
reversal in juvenile fathead minnows exposed to stable and fluctuating temperature
treatments for 45 days. Bars represent the means (SE) of three replicate treatments and
the asterisk denotes a significant difference from the 25°C control. Numbers represent the
number of fish examined for phenotypic sex ratios and sex reversal in each treatment.
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CHAPTER 5. POPULATION-LEVEL RESPONSES OF SMALLMOUTH BASS TO
POWER PLANT THERMAL DISCHARGES AND IMPINGEMENT
MORTALITY: MODELING CONSUMPTION, GROWTH, AND SURVIVAL

5.1

Abstract

Aquatic ecosystems are faced with a variety of stressors, including industrial operations,
which may affect aquatic systems by releasing heated water that is used for cooling
purposes, and by entraining and impinging organisms at water intakes. The thermal
effluent that is released creates a thermally dynamic environment across both space and
time. Such thermal variability potentially has strong influence on the physiology,
ecological interactions, and population trajectories of fishes. Additionally, entrainment
and impingement mortality at the water intake has the potential to affect population
characteristics, including overall abundance. We designed a spatially-explicit,
individual-based bioenergetics model to evaluate how thermal effluent and impingement
mortality affect prey consumption rates, growth rates, and abundance in a smallmouth
bass population. The model simulated population-level characteristics over a 5 km
section of the Ohio River near the Tanners Creek power plant in 2011. The model
accounted for spatial and temporal differences in water temperature, water velocity, water
depth, light intensity, and prey biomass, and allowed smallmouth bass to forage, grow,
potentially die, and randomly move to new locations during each time-step. Using
random movement allowed us to develop a neutral model for comparisons with future
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model simulations using non-random movement rules. Simulations suggested that, under
the conditions simulated, thermal discharges and impingement mortality had little effect
on prey consumption, growth rates, or population abundance. We observed slight
increases in prey consumption and growth rates during summer due to the increased
temperatures from the thermal effluent when compared to simulations of only ambient
temperatures. Impingement slightly reduced total population size and caused mortality of
approximately 4% of the population but and had no effect on consumption or growth
rates. It should be noted, however, that simulated fish made movement decisions at
random, and future work will examine whether allowing fish to move based on specific
habitat characteristics affect population responses. Our model results, along with
concurrent field studies, provide a more holistic understanding of how human alterations
to aquatic environments affect fish populations.

5.2

Introduction

Anthropogenic habitat alteration is an ever-present component of many
ecosystems (Fahrig 2002; Didham et al. 2007; Forister et al. 2010). In particular,
modifications to the natural thermal regime of aquatic environments can have strong
impacts on ectotherms. Heated effluent from industrial activity is a common source of
habitat alteration in aquatic systems throughout the world, with multiple industrial
discharges oftentimes located within close proximity to one another (e.g., Laist et al.
2013; Lohner & Dixon 2013). The thermal plume produced by industrial discharges
creates a complex environment for aquatic organisms where temperatures are not only
elevated but can also fluctuate within a short time (Coulter et al. In press). These plumes
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also produce much spatial variability in water temperature as the plume mixes with the
receiving water body. Since density differences usually exist between the heated effluent
and ambient water, temperatures likely vary three dimensionally, with the position and
dimensions of the plume varying through time (Fischer et al. 1979).
Limitations on the temperature increase allowed by industrial discharges aim to
minimize direct mortality of aquatic organisms due to excessive heat exposure; thus,
effects on ectotherms are primarily sub-lethal. Moreover, effects on species, particularly
fishes, likely vary with season (ORERP 2011). Fishes experiencing elevated
temperatures from thermal effluent during summer can have low prey consumption and
reduced growth rates if temperatures exceed their thermal optimum (e.g., Selong et al.
2001) and, therefore, some species may avoid these areas (Stauffer et al. 1974). In
contrast, during winter habitat quality near thermal effluents is enhanced for a variety of
species (Coulter et al. 2014), and many fishes may concentrate in the discharge plume
during this time (Ross & Winter 1981; Cooke et al. 2004; ORERP 2011). Due to the
limitations of quantifying prey consumption, growth, and survival in the field, the effects
of thermal effluent on these responses have primarily been inferred in laboratory
experiments (e.g., review by Jobling 1981). Inferences from laboratory experiments may,
however, be biased as fishes in actual systems are also affected by other habitat
conditions, including prey abundance, light, and water velocity, in addition to the thermal
discharge plume (ORERP 2011). Moreover, movement of fishes in the field could
mediate the effects of thermal effluent.
In addition to altering the thermal regime of aquatic systems, industrial thermal
discharges have the potential to increase mortality rates due to the amount and velocity of
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water entering the plant intake. Early life stages, particularly eggs and larvae, can be
entrained into the power plant by passing through the mesh of the intake screen, whereas
larger individuals can become impinged on the intake screen. Not all fish that become
entrained or impinged die, and the likelihood of surviving can be species-specific
(Ringger 2002). Nevertheless, this source of mortality is commonly associated with
industrial activities and has the potential to affect fish populations in tandem with thermal
effluent.
The potential impacts of thermal effluent and cooling water intake on
consumption, growth, and survival of individual fish can have important population-level
consequences. For example, increased growth rates of young-of-year fishes can reduce
predation and starvation mortality (Garvey et al. 1998) and, subsequently, increase the
number of new recruits entering the adult population (Houde 1989). Growth and survival
rates also affect size- and age-distributions that are important for recreational fisheries.
Additionally, quantifying the number of fishes that die from entrainment or impingement
mortality is common (ORERP 2009; Ringger 2000), but estimates of how these mortality
rates correspond to affecting overall abundance can be variable (Barnthouse 2013). The
effects of entrainment and impingement mortality could also affect consumption and
growth of the remaining fish in the population by releasing them from density-dependent
competition. Thus, examining how both thermal effluent and entrainment and
impingement mortality influence population-level characteristics can be difficult. Many
studies focusing on fish interactions with thermal effluent are limited to examining a
relatively small number of individuals and only provide snapshots of population
characteristics (MacLean et al. 1982; Cooke et al. 2004). Moreover, it can be difficult to
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draw conclusions regarding the effects of industrial operations when comparing patterns
between “impacted” and “reference” sites, as other habitat conditions naturally vary
among locations.
Spatially-explicit individual-based models (SE-IBM) provide an opportunity to
complement field studies by examining how industrial plants affect population-level
attributes. This modeling approach accounts for spatial and temporal variability in
habitat conditions and allows all individuals in the population to be monitored.
Population-level characteristics are quantified and can be compared between simulations
performed where a single habitat component (e.g., presence of thermal effluent) varies
(Clark & Rose 1997). Individual-based models also allow for evaluations of movement,
compensatory effects, and interactions among consumption, growth, and mortality that
can be difficult to explore using laboratory or field techniques. We developed a spatiallyexplicit, individual-based model to evaluate how the thermal effluent and impingement
mortality associated with power plants affect a smallmouth bass (Micropterus dolomieu)
population. Our model was developed to assess smallmouth bass in a section of the Ohio
River surrounding the Tanners Creek power plant. We examined smallmouth bass
because they are commonly found near power plant thermal discharges in the Ohio River,
have a relatively high upper lethal temperature (approximately 37°C; Whitledge et al.
2003) that is typically within the temperatures surrounding the power plant, and are a
targeted species by anglers. Our model examines this smallmouth bass population over a
one-year period where fish are allowed to forage, grow, potentially die, and move within
their environment. We used this SE-IBM approach to evaluate whether thermal
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discharges and impingement mortality affect prey consumption rates, growth rates, and
population abundance of smallmouth bass.

5.3

Methods

Simulations
The model simulates a smallmouth bass population within a 5 km section of the
Ohio River surrounding the thermal discharge of the Tanners Creek power plant near
Lawrenceburg, Indiana. This is a coal-fired power plant that intakes cooling water
directly from the Ohio River. The plant uses a once-through cooling system design,
where water travels through the plant, becomes heated, and is then discharged directly
into the Ohio River approximately 60 m downstream from the intake location.
The model simulates a one-year period (1-Jan to 31-Dec) during 2011 and
progresses at a 10-minute time-step. Throughout the year, consumption, growth rates,
and survival of smallmouth bass are tracked, and these values are compared between five
replicate, one-year simulations that evaluated the effects of thermal discharges and
impingement mortality. This model does not simulate fish eggs or larvae, therefore, we
only assessed impingement mortality at the cooling water intake location. In order to
assess the potential individual and combined effects of thermal effluent and impingement
mortality, these response variables were compared among simulations of: 1) ambient
water temperatures without impingement mortality; 2) ambient water temperature with
impingement mortality; 3) thermal discharge temperatures without impingement
mortality; and 4) thermal discharge temperatures with impingement mortality.
Habitat Characteristics
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The modeled habitat represents a 2.5 km section upstream from the power plant
thermal discharge and a 2.5 km section downstream from the discharge. The habitat is
spatially divided into three-dimensional grid cells that are 10 m long by 10 m wide by 1
m deep (292,500 total cells). Each habitat cell is characterized by a set of habitat
characteristics including: water depth (m, updated daily), water velocity (a categorical
variable that remains constant through time), light intensity (lux, updated every 10 min),
water temperature (°C, updated every 30 min), and prey fish biomass (g, gizzard shad;
below; updated daily). Water depth data were obtained from the US Army Corps of
Engineers gauging station at Cincinnati, Ohio. Water velocity varies horizontally and
vertically in the water column to represent friction with the bank and sediment. Water
velocity is represented as a categorical variable and is the highest in the middle of the
river near the surface (100%), lowest in cells adjacent to sediment (50%), and
intermediate in all other cells (75%). Light intensity decreases with water depth
following attenuation rates observed in the Ohio River by Koch et al. (2004). Day length
varies through time and is based on the time of sunrise and sunset by the National
Weather Service for Cincinnati, Ohio. Ambient water temperature was determined from
stationary temperature loggers (HOBO Pro v2, Onset Computer Corporation, Cape Cod,
MA) placed upstream from the thermal effluent (see Chapter 2), which also matched
upstream temperatures measured by power plant personnel. The location, dimensions,
and temperature of the thermal effluent were predicted using an existing model (see
Thermal Plume sub-model below).
Smallmouth bass in the model are assumed to be completely piscivorous, with
prey fish represented as gizzard shad, the primary prey fish in this section of the Ohio
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River (ORERP 2011). Gizzard shad are not modeled as individual fish, but are instead
represented as prey biomass in each habitat cell. At the start of a simulation, prey fish are
distributed throughout the environment based on the growth rate potential (GRP) of each
habitat cell. A gizzard shad bioenergetics model (Sebring 2002) is used to calculate GRP
in each cell, with water temperature used as input data to the bioenergetics model and
water velocity affecting the activity multiplier; activity is reduced by 25% in cells with
intermediate water velocity, and reduced by 50% in cells with the lowest velocity. The
bioenergetics model is applied to 24.5 g gizzard shad (the mean mass of gizzard shad
collected around the Tanners Creek power plant in 2011; ORERP 2011) that were
assigned an energy density of 4,124 J g-1 (Pierce et al. 1980), and fed at 50% of
maximum consumption (i.e., proportion of Cmax = 0.5) on prey that was assigned an
energy density of 1,987 J g-1 (Sebring 2002). Each cell then receives a weighting value
based on its relative GRP. The proportion of the total gizzard shad biomass distributed
throughout the environment (4,410 kg) that is assigned to each cell is determined based
on each cell’s weighting value so that cells with higher GRP (better habitat quality) are
assigned a higher mass of prey. Gizzard shad are also added into the environment once
per day during simulations. The same GRP approach is used to add gizzard shad to
habitat cells once per day based on the updated habitat conditions in each cell. Thus,
habitat suitability on the first day of the simulation determines the initial distribution of
prey, but prey distributions vary as gizzard shad relative GRP in habitat cells changes
through time (and also as smallmouth bass consume gizzard shad; see below). At the end
of each time-step, the total biomass of gizzard shad in each habitat cell is updated based
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on the mass of prey removed by smallmouth bass consumption. Also, the mass of prey
added to habitat cells is updated once per day.
Thermal Plume
We used an existing model, the Cornell Mixing Zone Expert System (CORMIX;
MixZon Inc.; Portland, OR), to model the location and temperature of the thermal plume
produced by the power plant. This is a deterministic, hydrologic model specifically
designed for modelling effluent emanating from industrial discharges. Input for the
CORMIX model included the effluent water temperature (°C) and effluent flowrate (m3 s1

); ambient environmental conditions including: mean river depth (m), river depth at the

thermal discharge (m), wind speed (m s-1), river flowrate (m3 s-1), and ambient river
temperature (°C); and specifications of the thermal discharge site included: distance from
shore (m); horizontal angle of the discharge; slope of the river bed at the discharge; and
diameter of the discharge pipe (m). We obtained ambient river depth and flowrate data
from the US Army Corps of Engineers gauging station at Cincinnati, Ohio, we obtained
wind speed data from the National Weather Service at Cincinnati, Ohio, and we used data
collected by our upstream temperature loggers for ambient water temperature. Data on
effluent temperature and flowrate, along with specifications of the discharge pipe, were
obtained by power plant personnel.
At 30-min intervals, the CORMIX model provides a predicted width, depth, and
temperature of the thermal plume at given distances downstream from the power plant.
We validated CORMIX output by comparing the modeled thermal plume to observed
temperature data we collected around the power plant in 2011. We compared the
dimensions of the modelled thermal plume to water temperatures we measured one meter
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below the water surface. These comparisons indicated that the position and lateral
dimensions of the CORMIX modelled plume were similar to our observations of surface
water temperatures (Figure 1). We also compared the predicted temperatures of the
thermal plume with the water temperatures measured by our stationary temperature
loggers at different distances downstream from the power plant throughout the year.
Predicted temperatures were also similar to the observed data, although the model
slightly overpredicted temperatures close to the discharge in early summer and
underpredicted temperatures in late-summer (Figure 2).
Smallmouth Bass Initialization
Multiple smallmouth bass in the model (50,000 total smallmouth bass at the start
of simulations) are represented by 10,000 super-individuals (SIs; Scheffer et al. 1995).
Each SI is initially assigned a starting number of individuals to represent, a unique total
length, total mass, storage tissue mass, structural tissue mass, age, location, and a lateral
orientation they face in the environment. Ages range from 0-7 and are assigned to SIs
based on age-class proportional abundance of smallmouth bass reported by Hoff (1995),
where a higher number of SIs area assigned a low age. The proportional abundance by
Hoff (1995) is then also used to initially assign the number of fish within each SI based
on the initial total population size (50,000). Initial lengths are assigned to SIs based on
published length-at-age data (Beamesderfer & North 1995; Vander Zanden et al. 1998),
where length is randomly drawn from a normal distribution with a mean of the agespecific mean length and a standard deviation of two. Initial mass is then assigned based
on a length-weight relationship reported by Kolander et al. (1993). Each SI is randomly
assigned a horizontal orientation to face by selecting a random, uniform number between
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0 and 359, where 0 (i.e., horizontal angle of 0°) represents a fish facing directly upstream.
Smallmouth bass SIs are tracked independently from habitat cells using a continuous
coordinate system. SIs are also initially assigned a location in the environment by
random draws from a uniform distribution to determine their lateral, downstream, and
vertical position (x, y, z coordinates, respectively).
Foraging
Each time-step, smallmouth bass forage within the habitat cell they occupy. Prey
consumption is dependent on light intensity, SI length, prey availability, and water
temperature. When determining foraging and other processes in the model, we account
for differences in temperature that may exist between temperatures SIs have become
acclimated to in the past and the temperature of their current habitat cell. Acclimation
temperature is calculated as a weighted average of water temperatures each SI has
experienced in past time-steps (not including temperature of the habitat cell in the current
time-step) and is weighted so that recent thermal experiences have low influence on longterm acclimation:
𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 = (𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃)(0.9) + (𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴)(0.1),

where AccTemp is the updated acclimation temperature (°C) of an SI in the current timestep, PastAccTemp is the acclimation temperature (°C) of the SI in the previous timestep, and AmbTemp is the ambient water temperature (°C) of the habitat cell the SI is
within during the current time-step.
When foraging, the mass of prey consumed by each SI is determined from the
number of prey encountered while foraging. Encounter rate (ER) is calculated as:
𝐸𝐸𝐸𝐸 = 𝑃𝑃𝑃𝑃(𝑉𝑉𝑉𝑉),
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where PD is prey density (number m-3) in the habitat cell an SI is located within, and VS
is the volume of water searched (m3) per time-step. In order to calculate prey density
from prey biomass in each cell, one gizzard shad was assumed to have a mass of 24.5 g
(mean gizzard shad mass in the Ohio River; ORERP 2011). The volume of water
searched by each fish was calculated as:
𝑉𝑉𝑉𝑉 = 𝑆𝑆𝑆𝑆(𝑅𝑅𝑅𝑅)(10−9 )(600),

where SS is swimming speed (mm sec-1) and RA is reactive area (mm2). Relationships for
swimming speed were approximated from maximum sustained swimming speeds
determined by Beamish (1970) for largemouth bass (Micropterus salmoides), which
depend on SI length (length; mm) and water temperature:
𝑆𝑆𝑆𝑆 = 2.42(𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙ℎ) − 136.8; for 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 < 12°C

𝑆𝑆𝑆𝑆 = 2.26(𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙ℎ) − 33.6; for 12.1°C > 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 < 17°C

𝑆𝑆𝑆𝑆 = 1.74(𝑙𝑙𝑙𝑙𝑙𝑙𝑔𝑔𝑔𝑔ℎ) + 174.9; for 17.1°C > 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 < 22°C

𝑆𝑆𝑆𝑆 = 1.52(𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙ℎ) + 239.8; for 22.1°C > 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 < 27°C

𝑆𝑆𝑆𝑆 = 1.53(𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙ℎ) + 250.8; for 27.1°C > 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 < 32°C
𝑆𝑆𝑆𝑆 = 1.52(𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙ℎ) + 173.1; for temp > 32°C,

where temp is the acclimation temperature of each SI. Swimming speed is first
calculated using the SI’s acclimation temperature, and then multiplied by a multiplier
(Q10SS) to account for the water temperature in the current habitat cell using a Q10
approach:
𝑄𝑄10𝑠𝑠𝑠𝑠 = 𝑆𝑆𝑆𝑆 (𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴−𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴)/10 ,

where AmbTemp is the ambient water temperature of the cell the SI is inhabiting and
AccTemp is the SI’s acclimation temperature. The relationships for swimming speed
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were developed for largemouth bass ≥ 140 mm; therefore, SS was constrained to be less
than one body length sec-1 for SIs with length < 140 mm. In order to calculate the volume
of water searched while foraging, reactive area is calculated as:
𝑅𝑅𝑅𝑅 =

𝑅𝑅𝑅𝑅 2 𝜋𝜋
2

,

where RD is reactive distance (mm) which is calculated from Breck & Gitter (1983) as:
𝑅𝑅𝑅𝑅 =

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝐿𝐿
𝛼𝛼
2

2�tan �

(𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑡𝑡𝑡𝑡),

where PreyL is prey length (mm), α is the angle of acuity and lightf is a multiplier to
reduce reactive distance as light intensity decreases. Prey length is 120 mm based on the
mean length of gizzard shad in this section of the Ohio River (ORERP 2011) and
corresponds to the mean mass value assigned to gizzard shad (24.5 g). This equation for
reactive distance was originally designed for zooplankton prey (Breck & Gitter 1983),
however, reactive distances using 120 mm gizzard shad prey along with the light
multiplier resulted in similar reaction distances as has been reported for largemouth bass
under different light intensities (Howick & O’Brien 1983). Moreover, using the equation
from Breck & Gitter (1983) provides a more continuous estimation of reactive distance as
light decreases (as opposed to large differences in light intensity treatments used by
Howick & O’Brien 1983). The angle of acuity (Guma’a 1993) is calculated as:
𝛼𝛼 =

168.8−0.94(𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙ℎ)
60(𝜋𝜋/180)

,

and lightf is adapted from Lester et al. (2004):

𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑡𝑡𝑡𝑡 = 0.0561�√𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖�(0.4)1.2 𝑒𝑒 −0.0434�√𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖� (0.67) + 0.3,

where inten is light intensity (lux).
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The mass of prey that is consumed by each SI is determined based on a modified
Type II functional response and scaled relative to maximum consumption rate (Hewett &
Johnson 1992; Whitledge et al. 2003). Galarowicz & Wahl (2005) reported consumption
of prey fish by another piscivore, walleye (Sander vitreus) based on prey density. From
their observations, we developed a relationship to predict the proportion of maximum
consumption (PCmax) at which fish fed based on prey density (in our model, prey
encounter rate):
𝑃𝑃𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 =

0.0294(𝐸𝐸𝐸𝐸)

1+�0.0402(𝐸𝐸𝐸𝐸)�

.

Calculating the proportion of maximum consumption in this manner allows for allometric
differences in the total mass of prey consumed across a large size range of SIs. This
proportion is then multiplied by the maximum consumption (Cmax) of each SI and the SI’s
mass (mass; g) to determine the maximum total mass of prey (g) that could potentially be
consumed (PreyPot):
𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 = 𝐶𝐶𝑚𝑚𝑚𝑚𝑚𝑚 (𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚)(𝑃𝑃𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ).

Cmax (Shuter & Post 1990; Whitledge et al. 2003) is calculated as:
𝐶𝐶𝑚𝑚𝑚𝑚𝑚𝑚 = 0.339(𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 −0.31 ); for 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 ≥ 50 g
𝐶𝐶𝑚𝑚𝑚𝑚𝑚𝑚 = 0.25(𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 −0.31 ); for 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 < 50 g.

The actual mass of prey consumed (PreyCons; g) is calculated as:

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = (𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 )�𝑃𝑃𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 �(𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 )(𝑄𝑄10𝑐𝑐 ),

where Prand is a random, uniform number between 0-1 and ensures that SIs do not always
feed at their maximum rate. Q10C adjusts consumption based on current ambient versus
acclimation temperature:
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𝑄𝑄10𝐶𝐶 = 𝐶𝐶𝐶𝐶 (𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴−𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴)/10 ,

where CQ is the water temperature coefficient for consumption, and is: 3.8 for SIs with a
total body mass < 50 g (Hewett & Johnson 1992), 4.2 for SIs with mass ≥ 50 g and
acclimation temperatures ≤ 26°C, and 1.95 for SIs with mass ≥ 50 g and acclimation
temperatures > 26°C (Whitledge et al. 2003). Pstomfull is defined as the proportion of prey
consumed based on the SI’s stomach fullness (adapted from Hart & Gill 1992):
103.1

𝑃𝑃𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 1+𝑒𝑒 −(𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃−48.2)/(−14.5) /100,

where Percfull is the percentage of each SI’s stomach capacity that is filled with prey.
Stomach capacity is calculated based on an equation for largemouth bass (Pope et al.
2001) as:
𝐶𝐶𝐶𝐶𝐶𝐶𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠ℎ = (2.409)(10−7 )(𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿ℎ3.248 ),

where Capstomach is maximum stomach capacity (ml), and one g of prey that is ingested by
a SI is assumed to be equivalent to one ml. Thus, smallmouth bass are less likely to
consume a large amount of prey as stomach fullness increases.
Before the mass of prey that is consumed during each time-step is added to the
mass of prey in an SI’s stomach, the mass of prey in the stomach that is digested
(Massdigest) in one time-step is calculated (Rogers & Bailey 1991):
𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 = �(𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠ℎ ) �1 − 𝑒𝑒 (−0.005)(24)�𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠ℎ

−0.29 ��𝑒𝑒 (0.15)(𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴)(𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀) �

where Massstomach is the mass of prey in the SI’s stomach.

� (𝑄𝑄10𝐶𝐶 )� /144

Foraging occurs every time-step and a running total of prey consumed throughout
each day is calculated. This allows for daily consumption to exceed daily Cmax if an SI
consumes a large meal. However, if daily Cmax is reached or exceeded in a time-step, the

104
SI does not consume prey for the remainder of the day and is also not allowed to
consume prey during the following day.
Growth
Growth is calculated once per day during the last time-step. Bioenergetics models
calculate growth based on water temperature, the mass of each SI, water velocity, and the
mass of prey consumed. We use bioenergetics models described in Hewett & Johnson
(1992) for smallmouth bass with total mass less than 50 g and Whitledge et al. (2003) for
individuals with total mass ≥ 50 g. The activity value in these models is altered based on
the water velocity of the habitat cell each SI is within. This activity value is increased by
25% if SIs are in a habitat cell with the highest water velocity, is not adjusted when water
velocity is at the intermediate level, and is reduce by 25% if SIs are in cells with the
lowest water velocity. This adjustment to activity is included in calculations of
respiration each time-step, whereas swimming speed of SIs while foraging or when
moving to new locations (see Movement below) are not included in respiration
calculations. Respiration rates are calculated each time-step using the SI’s acclimation
temperature, with respiration rates then multiplied by a value (Q10R) to adjust for
differences in respiration rates that occurs when the acclimation temperature of an SI is
different from the ambient water temperature in its current habitat cell:
𝑄𝑄10𝑅𝑅 = 𝑅𝑅𝑅𝑅 (𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴−𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴)/10 ,

where RQ is the water temperature coefficient for respiration, and is 3.3 for SIs with a
total body mass < 50 g (Hewett & Johnson 1992) and 1.8 for SIs with a total body mass ≥
50 g (Whitledge et al. 2003). A running total of the day’s respiration rates is calculated
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in order to account for differences in respiration when SIs move among habitat cells with
different temperatures.
The total mass of each SI is divided between structural (2,000 J g-1) and storage
(8,000 J g-1) mass. If the net energy difference for the day is positive, energy is
distributed between these two components, with an increase in the amount of mass
assigned to storage tissue as fish length increases. The amount of energy assigned to
storage tissue is based on a maximum amount of the SI’s total mass composed of storage
tissue (Höök et al. 2008). This maximum proportion is a function of body length and is
derived from observations of energy content by Garvey et al. (1998) for largemouth bass:
𝑝𝑝 =

(𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙ℎ)(0.0194)+2.367
10

.

Thus, small fish are more likely to increase in length and large fish are more likely to
increase in mass. If the proportion of storage tissue in an SI is less than the maximum
proportion of storage lipid that it could obtain (p), then energy is allocated to storage
tissue until the maximum proportion is obtained. Any additional energy is then allocated
to structural tissue. Therefore, positive growth can result in increases to both storage and
structural tissue. When net energy difference for a day is negative, energy is only
removed from storage tissue and fish can only decrease in mass. When growth is positive
and fish gain mass, the increased length is determined using a length-weight relationship
from Kolander et al. (1993):

Mortality

𝑙𝑙𝑙𝑙𝑙𝑙10 (𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚) = −5.329 + (3.2)�𝑙𝑙𝑙𝑙𝑙𝑙10 (𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙ℎ)�.
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Mortality may occur through five processes: 1) starvation, 2) predation, 3)
excessive water temperature, and 4) background mortality. A fifth source of mortality
from fish being impinged on the water intake screen at the power plant is included for
simulations that include impingement mortality. Starvation mortality is based on the
proportion of an SI’s total mass composed of storage tissue. The probability of starvation
mortality is 0.2 when the proportion of storage tissue decreases below a threshold value
of 0.2 and is calculated once per day. Predation mortality (Ppred) is calculated once per
day and occurs for SIs with total length ≤ 150 mm and is influenced by light intensity in
the SI’s habitat cell:
𝑃𝑃𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 = 0.01𝑒𝑒 −𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙ℎ(0.03)�𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑡𝑡𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 � ,

where lightpred (Howick & O’Brien 1983) is:
𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑡𝑡𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 =

126.31+�−113.6𝑒𝑒 −1(𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑡𝑡) �
126.31

,

and light is light intensity (lux) in the habitat cell. The probability of mortality due to
high water temperature is 0.3 when the acclimation temperature of an SI exceeds 37°C,
the upper lethal temperature for smallmouth bass (Whitledge et al. 2003), and is assessed
once per day. A small probability of mortality is applied to all SIs as background
mortality once per day:
𝑃𝑃𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 = 1 − 𝑒𝑒 −0.02

When simulations include impingement mortality, only fish in the habitat cell
where the power plant water intake is located are vulnerable to this mortality source.
Therefore, fish less than 200 mm in length in the habitat cell with the water intake were
included in impingement mortality calculations, as the majority of fishes impinged at
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Ohio River power plant intakes are small individuals (87% of 10 the most commonly
impinged fishes were ≤ 149 mm; King et al. 2010). Therefore, fish in the habitat cell
where the water intake is located and were < 200 mm were assigned a probability of
impingement mortality of 0.31. This probability was determined based on impingement
survival observations reported by Ringger (2000) and is the mean percent mortality of 14
fish species that were impinged on a power plant intake screen. This source of mortality
is evaluated every time-step. When the impingement mortality occurs for a SI, that SI is
immediately moved 30 m upstream from the water intake location to simulate impinged
fish being returned to the river via a return trough.
Mortality is updated once per day. The total probability of mortality is calculated
as the total probability of all five sources. The number of individuals dying within each
SI is a randomly drawn number from a binomial distribution, where the number of trials
is the number of fish represented by the SI and the probability of a success (mortality) is
the total probability of mortality.
Movement
Fish are assigned a horizontal orientation to face in the river based on a degree
system, where a random, uniform number is drawn between 0° and 359°, where a SI with
an angle of 0° is facing upstream. At the end of each time-step, all fish move to new
locations based on random movement. The maximum distance each SI can travel in one
time-step is calculated based on their maximum sustained swimming speed (see SS
equations above; Beamish 1970). A random uniform number is drawn between 0 and the
SI’s maximum distance to move, and this becomes the horizontal distance the SI moves.
A random uniform vertical distance is then calculated to determine vertical movement. If
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a SI is assigned a distance to move that extends beyond the river (i.e., air or the
sediment), the SI moves to within 0.5 m of the water edge. Once SIs move, they are
randomly re-assigned a horizontal position to face for movement in the following timestep.

5.4

Results

Model results from one-year simulations indicated that power plant thermal
effluent and impingement mortality had little impact on the population characteristics we
examined in this smallmouth bass population. The percentage of the population
surviving through simulations was statistically different across simulations examining
combinations of thermal effluent and impingement mortality (F3,16=7.0, p=0.003), where
both impingement simulations (thermal effluent with impingement and ambient
temperatures with impingement) had lower percent survival than the simulation modeling
ambient temperatures and no impingement; however, the effect size was small (e.g., 46%
survival in ambient temperatures without impingement versus 42% across both
impingement simulations). Survival was similar between the two impingement
simulations, regardless of whether thermal effluent was present. The maximum water
temperature individuals experienced during any simulation was 31°C, well below the
upper lethal temperature for smallmouth bass in the model (37°C; Whitledge et al. 2003).
In contrast, mean (SE) impingement mortality was 1,898 (280) individuals in simulations
with thermal effluent and 1,740 (294) individuals in simulations without effluent, which
represented 4.1% and 3.5% of the entire population, respectively. Impingement mortality
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represented a small source of overall mortality, whereas predation was the highest source
of mortality (Table 1).
Comparisons across the entire duration of simulations did not indicate an
energetic benefit to smallmouth bass due to the presence of thermal effluent. Smallmouth
bass consumed, on average, 1.7% of their body mass among simulations throughout the
entire year, and prey consumption was not different among simulations (F3,16=0.02,
p=0.99). Similarly, we did not observe differences in growth rates in either length
(F3,16=0.08, p=0.96) nor mass (F3,16=2.3, p=0.11) among simulations. Overall mean (SE)
growth rates were 0.18 mm day-1 (0.001) for length and 0.007 g g-1 d-1 (0.0001) for mass.
In contrast to examining responses over the entire year-long simulation, slight
seasonal patterns emerged between simulations with and without thermal effluent. We
evaluated responses during periods when impacts from the power plant would be most
pronounced; through summer (1-June to 1-Sept) and winter (1-Jan to 1-Feb and 1-Nov to
1-Dec). During summer, simulations modeling the thermal effluent with impingement
mortality displayed the most difference between prey consumption and relative growth
rates (Figure 5.3) than during any other time of year. Although differences were
relatively small, both prey consumption (F3,16=20.0, p<0.001) and relative growth in mass
(F3,16=12.6, p<0.001) were different during summer, with both of the thermal effluent
simulations having higher consumption and growth rates than simulations with ambient
temperatures (Figure 5.3). These patterns, however, were not evident during winter
months, as daily mean prey consumption (F3,16=0.24, p=0.87) and growth rates in mass
(F3,16=0.4, p=0.76) were similar across simulations (Figure 5.3).
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5.5

Discussion

The independent and combined effects of elevated water temperatures from power
plant effluent and impingement mortality had little effect on modelled smallmouth bass
population abundance, prey consumption rates, and growth rates. This, in part, may be
due to the relatively small volume of the river that was affected by the thermal discharge
plume. While the location and dimensions of the thermal plume varied through time,
elevated water temperatures were most prominent within approximately 500 m
downstream from the power plant (e.g., Coulter et al. 2014). Temperatures farther then
500 m downstream were oftentimes less than 1°C above ambient river temperature.
Therefore, most fish moving around the thermal plume likely only experience elevated
temperatures for a relatively brief period. Field studies examining movements of
individual fish around power plant thermal effluent have also noted similar observations,
where smallmouth bass have been observed temporarily moving into a thermal discharge
plume before exiting within 24 hours (MacLean et al. 1982).
Impingement mortality, when either simulated with or without the thermal
effluent, reduced overall population abundance of smallmouth bass compared to
simulations without ambient temperature and no water intake. While statistically
different, this reduction in abundance was relatively small and caused mortality of
approximately 4% of the population. This relatively small impact on mortality may have
been why we did not observe effects on consumption and growth rates caused by
increased impingement mortality that could arise due to density-dependence.
While impingement mortality had a small effect on population abundance, it is
important to note that we did not evaluate the effects of entrainment mortality that also
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occurs with cooling water intake. This source of mortality primarily affects fish eggs and
larvae (Travnichek et al. 1993) which is why it was not incorporated into our model of
smallmouth bass. Early life stages entrained into the power plant can be exposed to
elevated temperatures, chemicals, and mechanical damage. These multiple stressors
could result in entrainment having a stronger effect on recruitment and population
abundance compared to impingement mortality, although some entrained fish may
already be dead or in poor condition before entering the cooling intake (ORERP 2009).
Nevertheless, impingement and entrainment mortality primarily affect small individuals
and early life stage, thereby having the potential to affect recruitment and population
dynamics when assessed over a longer period of time.
In contrast to examining population responses across the entire year-long
simulation, we did observe seasonal differences in prey consumption and relative growth
rates that were attributable to the thermal effluent. During summer, simulations
modelling the thermal effluent resulted in slightly higher mean daily prey consumption &
relative growth rates compared to simulations modelling only ambient water temperature.
The response appeared to be due to the effect of increased effluent temperatures, as we
observed similar results whether or not impingement mortality was simulated. The
maximum water temperature modelled fish experienced in simulations of thermal effluent
was 31°C, while the maximum temperature for smallmouth bass consumption is 36°C for
juveniles (Hewett & Johnson 1992) and 37°C for adults (Whitledge et al. 2003). Thus,
the thermal effluent increased summer water temperatures to allow smallmouth bass to
feed and grow at slightly higher rates compared to simulations of only ambient water
temperature. This beneficial response to elevated summer temperatures, however, may
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not be reflected in other fishes. While many fishes in the Ohio River are warm-water
species with relatively high thermal tolerances, some species have lower thermal optima
and may be negatively affected by elevated summer temperatures. Walleye and
especially sauger are collected in these sections of the Ohio River and have lower thermal
optima than smallmouth bass (Kitchell et al. 1977; Zweifel et al. 2010), either causing
these species to avoid thermal discharges areas (e.g., Cooke et al. 2004) or experience a
net energy loss due to poor thermal habitat quality (Coulter et al. 2014).
In contrast to summer months, smallmouth bass did not display differences in
prey consumption or growth rates due to increased overwinter temperatures from the
thermal effluent. This result may, in part, be due to the random movement patterns of
fish in our model. Individuals represent randomly moving fish, where they are randomly
assigned a direction and distance to move each time-step. Therefore, movements are not
based on current habitat conditions or an individual’s memory of past experiences. While
some fish species appear to be attracted to thermal discharges during winter (ORERP
2011) and may stay for long periods within thermal effluent (Ross & Winter 1981; Cooke
et al. 2004), other species make periodic movements into and out of discharge areas
(MacLean et al. 1982). It is unclear how smallmouth bass interact with the thermal
effluent during these winter periods in the Ohio River; whether they remain within the
plume for long periods as has been observed with largemouth bass (Micropterus
salmoides; Ross & Winter 1981), or whether they display random movement. Cooke et
al. (2004) observed non-random movement of 29 smallmouth bass near a thermal
discharge in Lake Erie, where individuals remained in the warmest areas of the effluent
during winter. Conversely, MacLean et al. (1982) did not observe long-term use of a
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thermal discharge plume by smallmouth bass; instead, individuals moved into the plume
for a short period before leaving. Thus, future efforts should focus on understanding the
consequences of movement rules on spatial distributions and energetic responses of fish
around thermal discharges during summer and winter.
We observed little to no impact of increased water temperatures from industrial
thermal effluent or increased mortality due to impingement from water intake. However,
these anthropogenic alterations to the habitat could have effects on other population
characteristics that we did not examine, including size and age distributions, movement
and spatial distributions, and recruitment success when populations are exposed to these
conditions over multiple generations. Other fish species, especially those with lower
thermal preferences than smallmouth bass, may display different impacts from industrial
activities, and warrant examination. Furthermore, the effects of industrial activities on
populations of aquatic organisms may become more pronounced in the future. Air
temperature in this region of the United States is projected to increase under climate
change (Mohseni et al. 1999), and elevated ambient water temperatures could interact
with thermal effluent and impingement and entrainment mortality to affect populations
differently than under current conditions. Summer temperatures downstream from power
plants may become too high to be beneficial for some species, whereas elevated winter
temperatures in effluent may increase habitat quality (e.g., Coulter et al. 2014) and
provide thermal refuge for many species. The consequences of the potential interactive
effects of power plant activities and climate change are unclear, and further modelling
approaches will be valuable in determining consequences to different aquatic populations
in the future.
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Table 5.1. The mean (SE) total number of mortalities and percent of mortalities
attributed to each type of mortality in model simulations with (Discharge) and without
(Ambient) power plant thermal discharges and with (Impingement) and without (No
Impingement) impingement mortality. Sources of mortality: Impinge, impingement
mortality; Starve, starvation mortality; Backgrnd, background mortality; Temp, lethal
high temperature.

Simulation

Total
Mortality

Ambient
Impingement

Percent of Total Mortality
Impinge

Starve

Predation

Backgrnd

Temp

28,720
(826)

6 (2)

11 (0.6)

83 (2)

0.1 (0.02)

0 (-)

Ambient No
Impingement

26,768
(68)

-

11 (0.3)

89 (0.3)

0.2 (0.01)

0 (-)

Discharge
Impingement

28,841
(672)

7 (2)

12 (0.6)

81 (2)

0.2 (0.01)

0 (-)

Discharge No
Impingement

27,122
(254)

-

12 (0.3)

88 (0.3)

0.2 (0.02)

0 (-)
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Figure 5.1. A) Observed location and dimensions of the thermal plume discharged from
the Tanners Creek power plant on 17-July 2011 based on measurements of surface water
temperature. B) Modelled location and dimensions of the thermal plume on 17-July 2011
predicted using CORMIX.
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Figure 5.2. Observed and predicted water temperatures downstream from the thermal
discharge from the Tanners Creek power plant in 2011. Observed data were measured
using stationary temperature loggers placed at intervals along shore downstream from the
thermal discharge, and predicted temperatures were modelled using CORMIX.
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Figure 5.3. Differences in prey consumption and relative growth rates of smallmouth
bass during simulations of summer 2011. Results are from simulations modeling the
combined effects of thermal effluent and impingement mortality, and simulations of
ambient water temperature without impingement mortality.
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Figure 5.4. Mean daily relative growth rates and prey consumption of a smallmouth bass
population during A) winter and B) summer in the Ohio River. Simulations included:
ambient water temperatures with impingement mortality (Ambient Imping); ambient
water temperature without impingement mortality (Amb); thermal effluent with
impingement mortality (Disch Imping); and thermal effluent without impingement
mortality (Disch). Letters indicate statistical differences (p<0.05).
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Appendix A

Table A.1. Summary of the range and dominant periodicity (period) in surface water
temperatures throughout the Great Lakes over 6 h and 12 h periods from 14-May to 30November in 2013 (SD: one standard deviation; Max: maximum). All measurements
were recorded near the water surface but stations were located at different depth contours
(Water Depth). Data were obtained from the National Oceanic and Atmospheric
Administration’s National Data Buoy Center (http://www.ndbc.noaa.gov/).

Lake
Michigan
Michigan
Huron
Huron
Huron
Erie
Erie
Ontario

Station
45007
SGNW3
45008
9075014
45003
9063020
45005
45012

Water
Depth
(m)
160
5
54
3
135
4.5
12.6
145

6 Hour Range
Mean
°C
0.4
1.5
0.5
0.6
0.5
0.4
0.4
0.5

SD
°C
0.5
1.3
0.7
0.4
0.6
0.4
0.5
0.6

Max
°C
4.7
9.0
10.5
4.7
4.9
3.6
4.5
5.0

12 Hour Range
Mean
°C
0.6
2.1
0.8
0.9
0.9
0.6
0.7
0.8

SD
°C
0.7
1.5
1.0
0.6
0.8
0.5
0.7
0.9

Max
°C
5.2
9.6
11.7
5.8
5.3
4.1
4.7
6.4

Period
(h)
24
24
24
24
24
24
24
24
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Table A.2. Summary of the range and dominant periodicity in water temperatures over 6
h and 12 h periods from locations upstream (US) and downstream (DS) of two power
plant thermal discharges on the Ohio River from 8-July 2010 to 30-June 2012 (SD: one
standard deviation; Max: maximum).

Power
Plant
Tanners
Creek

Cane
Run

Location
(m)

6 Hour Range
Mean SD Max
°C
°C °C

12 Hour Range
Mean SD Max Periodicity
°C
°C °C
(h)

500 US

0.3

0.3

3.6

0.6

0.4

4.3

12, 24

Discharge

1.3

1.0

8.6

2.0

1.3

9.4

12, 24

100 DS

0.6

0.5

3.5

0.8

0.6

3.8

12, 24

500 DS

0.4

0.4

3.4

0.7

0.5

3.4

12, 24

500 US

0.3

0.3

3.0

0.5

0.4

3.1

12, 24

50 DS

0.9

0.7

4.1

1.3

0.9

4.7

12, 24

500 DS

0.5

0.5

3.5

0.7

0.6

4.3

12, 24
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Table A.3. The number of yellow perch and walleye initially placed in each tank, the
number of mortalities that occurred during the 45 d experiments, and the number
surviving that were used for statistical analyses.
Yellow Perch

Initial
Number
Tank Treatment Number Mortalities Analyzed
1
23°C
4
0
4
2
4
0
4
3
4
0
4
4
4
0
4
5
4
0
4
6
4
0
4
7
4
0
4
8
4
0
4
9
23±2°C
4
2
2
10
4
0
4
11
4
1
3
12
4
0
4
13
4
0
4
14
4
0
4
15
4
0
4
16
4
3
1
17
23±4°C
4
0
4
18
4
0
4
19
4
0
4
20
4
0
4
21
4
0
4
22
4
0
4
23
4
2
2
24
4
1
3

Walleye

Initial
Number
Number Mortalities Analyzed
2
1
1
2
0
2
2
2
0
2
0
2
2
1
1
2
0
2
2
0
2
2
0
2
2
0
2
2
0
2
2
0
2
2
0
2
2
0
2
2
0
2
2
0
2
2
0
2
2
0
2
2
0
2
2
0
2
2
0
2
2
0
2
2
0
2
2
0
2
2
0
2
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Figure A.1. Locations exhibiting sub-daily water temperature variability. Temperatures
measured at the water surface (NOAA Stations) and at depth intervals (Thermistor Chain)
during 2013 were obtained from the National Oceanic and Atmospheric Administration’s
(NOAA) National Data Buoy Center (http://www.ndbc.noaa.gov/). Identification codes
are listed next to each monitoring station. We deployed a thermistor chain near Michigan
City, IN to measure temperatures at depth intervals in 2009, and deployed anchored
thermistors in nearshore areas along two power plant thermal discharges (Power Plant) on
the Ohio River from 2010-2012.
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Figure A.2. Water temperature variability over a 6 h period from a) surface waters in the
Great Lakes from 14-May to 30-November in 2013 (numbers are station identifications),
and b) near the Tanners Creek and c) Cane Run power plants on the Ohio River from 8July 2010 to 30-June 2012 (symbols refer to temperature logger locations relative to
power plant thermal discharges). Surface temperature data for the Great Lakes were
obtained from the National Oceanic and Atmospheric Administration’s National Data
Buoy Center (http://www.ndbc.noaa.gov/).
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Appendix B
Methodology
The stable 25°C treatment represented the mean of the fluctuating treatments and
is the preferred temperature for fathead minnows (Duffy 1998; Brian et al. 2011). We
maintained temperature regimes by pumping filtered well water from holding tanks to
aerated 56 L aquaria, with fluctuating treatments receiving water alternately pumped
from heated and cooled holding tanks. We recorded water temperatures every 30 minutes
using temperature loggers (HOBO Pro v2; Onset Computer Corporation, Cape Cod, MA,
USA). All aquaria were flow-through systems with complete water exchange occurring
within one hour. Photoperiod consisted of 14 hours of light and 10 hours of darkness.
For the gene expression experiment, we extracted total RNA from embryos using
QIAzol (QIAGEN Inc., Valencia, CA, USA) reagent. To prevent genomic DNA
contamination, we digested all samples with DNase I (Fermentas Inc., Glen Burnie, MD,
USA) according to the manufacturer’s instructions. DNase treated total RNA (1500 ng)
was reverse transcribed to cDNA using a high–capacity reverse transcription kit (Applied
Biosystems, Foster City, CA, USA) according to the manufacturer’s instructions. We
designed and purchased primer sequences (Table B.1) from Integrated DNA
Technologies (Coralville, IA, USA). We performed qPCR using a CFX Connect RealTime PCR Detection System (Bio-Rad Laboratories, Hercules, CA, USA). We used a 96
well plate with 20 µl of total reaction mixture per well, which consisted of 10 µl of
Master mix (iQ SYBR Green Supermix, BioRad, Hercules, California), 10 µM of
forward and reverse primers, 60 ng of cDNA template, and nuclease-free water to fill the
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remaining volume. All reactions were performed in duplicate using the following
conditions: 95°C for 3 min; 40 cycles of 95°C for 10 sec, 58°C for 30 sec, 72°C for 30
sec; and final extension at 65°C to 95°C in increments of 0.5°C for 5 sec. We generated
a melting curve for each run to confirm the specificity of the assay and used Bio-Rad
CFX 2.1 software (Bio-Rad Laboratories, Hercules, CA, USA) for real-time qPCR data
acquisition and analysis. We averaged threshold cycle (CT) values between duplicate
reactions and pooled a minimum of three embryos from each replicate aquarium per
sampling time.
We used photographs of fathead minnow embryos at the start of the Embryonic
and Larval Development experiment to measure egg diameter (ImageJ software; Rasband
2009) and determine whether egg diameter differed across treatments at the beginning of
the experiment. We took two perpendicular measurements (nearest 0.001 mm) from each
fertilized egg and averaged these values to obtain one mean diameter per individual. We
also photographed yolk-sac larvae for measurements of total body length and yolk-sac
size. We measured yolk-sac size as perpendicular measurements of yolk-sac height and
length and calculated yolk-sac volume as:
𝜋𝜋

𝑉𝑉 = �6 � 𝐿𝐿𝐿𝐿 2

where V is yolk-sac volume (mm3), L is yolk-sac length (mm) and H is yolk-sac height
(mm; Blaxter & Hempel 1963; Andree et al. In Press).
Results
Gene expression of hps70 in the stable 21°C treatment was similar to the stable
25°C control except towards the end of the experiment where expression at hours 77
(F5,12 = 7.0, p-value =0.006) and 95 (F2,6 = 43.9, p-value = 0.003) was lower than the
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control (Figure B.3). Expression in the stable 29°C treatment was similar to the 25°C
control throughout the experiment (Figure B.3). All three stable temperature treatments
exhibited random patterns in hsp70 expression through time (all p-values > 0.05).
Expression of hsp90 was different among treatments at three time periods. The
stable 21°C treatment had higher hsp90 expression than the stable 29°C treatment at hour
24 (F5,12 = 4.5, p-value = 0.048), and expression was higher in the stable 29°C treatment
than the stable 21°C treatment at hour 71 (F5,12 = 4.9, p-value = 0.01). Expression of
hsp90 was similar among the 25°C control and the fluctuating treatments at all times
except for hour 77 when the Δ8°C 24-hour fluctuation had higher expression than the
control (F5,12 = 4.3, p-value = 0.03). All treatments displayed random patterns in hsp90
expression through time (runs test: P > 0.05). Expression of hmg-coa was similar among
the 25°C control and fluctuating temperature treatments at all time periods. Expression
only differed at hour 29 when the stable 21°C treatment had higher expression than the
25°C control (F5,12 = 8.2, p-value = 0.001), and at hour 77 when expression in the stable
21°C and 29°C treatments was higher than the 25°C control (F5,12 = 18.1, p-value <
0.001). We observed no patterns in hmg-coa expression through time for any
temperature treatment (all p-values > 0.05).
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Table B.1. Primer sequences used for real-time quantitative polymerase chain reactions
(qPCR). Genes examined using qPCR included heat-shock protein 70 (hsp70), heatshock protein 90 (hsp90), 3-hydroxy-3-methylglutaryl-CoA (hmg-coa) and ribosomal
protein L8 (rpl8).
Gene

Primer sequence (5'-3')

hsp70 forward

AGG CTT ATT GGA CGG AGG TT

hsp70 reverse

TTT CTT GTC CAG GCC ATA GG

hsp90 forward

AAT GTT CAA GAA CGC ACC CT

hsp90 reverse

ACA CCA AAC TGC CCA ATC AT

hmg-coa forward

TGG TCG TTC ACT TCC TGG GT

hmg-coa reverse

GCT GAG AGC GAA CTT GGC

rpl8 forward

CTC CGT CTT CAA AGC CCA TGT

rpl8 reverse

TCC TTC ACG ATC CCC TTG ATG
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Figure B.1. (A) Representative gel image used to identify the genetic sex of 45-day old
fathead minnows. Lane 1: 100 bp ladder; Lanes 2, 4, 7, and 8: genetic females; Lanes 3,
5, and 6: genetic males. Representative histological sections (hematoxylin and eosin
stained) of a phenotypic (B) female and (C) male fathead minnow (45 days-post-hatch)
with ovarian and testicular tissue circled, respectively.
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Figure B.2. Gene expression of (A) hsp70, (B) hsp90 and (C) hmg-coa through
development in the 25°C control temperatures.
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Figure B.3. Gene expression of hsp70 in (A) the constant 21°C treatment and (B) the
constant 29°C treatment.
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Sullivan CJ*, DP Coulter, ZS Feiner, SB Donabauer, TO Höök. Influences of gear type
and analytical methodology on fish assemblage characterizations in temperate
lakes. Midwest Fish and Wildlife Conference. Indianapolis, IN, February 2015.
Oral Presentation.

161
Coulter DP, TO Höök, CT Mahapatra, CD Troy, SC Guffey, MS Sepúlveda. How
temperature affects early life stages of a model fish species, fathead minnow:
impacts on development, physiology, and sex ratios. Annual Meeting of the
American Fisheries Society. Quebec City, Quebec, August 2014. Oral
Presentation.
TL Mamon*, ZS Feiner, DP Coulter, TO Höök. Influence of winter temperature on
yellow perch reproduction. Purdue Undergraduate Research Forum, Purdue
University. West Lafayette, IN, July 2014. Poster Presentation.
TA Krieg*, ZS Feiner, DP Coulter, SB Donabauer, TO Höök. The importance of
watershed land use, lake morphometry, and water quality on fish communities in
glacial lakes. Forestry and Natural Resources Research Symposium, Purdue
University. West Lafayette, IN, April 2014. Poster Presentation.
Coulter DP, MS Sepúlveda, CD Troy, TO Höök. The influence of temperature
variability on fish survival, growth, and early life history. Annual Meeting of the
American Fisheries Society. Little Rock, AR, September 2013. Oral Presentation.
Coulter DP, MS Sepúlveda, CD Troy, TO Höök. Temperature variability in the Great
Lakes: impacts on fish growth, survival, and egg hatching success. International
Association of Great Lakes Research Annual Meeting. West Lafayette, IN, June
2013. Poster Presentation.
Sullivan CJ*, Coulter DP, Feiner ZS, Donabauer SB, TO Höök. A fish assemblagebased characterization of northern Indiana glacial lakes. Forestry and Natural
Resources Research Symposium, Purdue University. West Lafayette, IN, April
2013. Poster Presentation.

162
Sullivan CJ*, Coulter DP, Feiner ZS, Donabauer SB, TO Höök. A fish assemblagebased characterization of northern Indiana glacial lakes. Indiana Chapter of the
American Fisheries Society annual meeting. Lafayette, IN, March 2013. Poster
Presentation.
Coulter DP, MS Sepúlveda, CD Troy, TO Höök. Impacts of thermal discharges and
temperature variability on fish habitat suitability: a bioenergetics-based approach.
Annual Meeting of the American Fisheries Society. St. Paul, MN, August 2012.
Oral Presentation.
Coulter DP, CD Troy, MS Sepúlveda, TO Höök. Fish habitat suitability and growth
response in dynamic environments of nearshore Lake Michigan. International
Association of Great Lakes Research Annual Meeting. Cornwall, Ontario,
Canada, May 2012. Oral Presentation.

Grants and Awards (* indicates an undergraduate student author)
2015

Bilsland Dissertation Fellowship, Purdue University.

2014

Best Undergraduate Student Poster. TA Krieg*, ZS Feiner, DP Coulter, SB
Donabauer, TO Höök. The importance of watershed land use, lake morphometry,
and water quality on fish communities in glacial lakes. Forestry and Natural
Resources Research Symposium, Purdue University.

2014

Graduate Teacher Certificate, Purdue University
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2013

Runner Up, Best Undergraduate Student Poster. CJ Sullivan*, DP Coulter, ZS
Feiner, SB Donabauer, TO Höök. A fish assemblage-based characterization of
northern Indiana glacial lakes. Forestry and Natural Resources Research
Symposium, Purdue University.

2010

Best Student Poster. DP Coulter, CD Troy, MS Sepúlveda, TO Höök. Predicting
fish habitat suitability along a thermal gradient. Ohio River Basin Consortium for
Research and Education Symposium.

2008

Student Research and Creative Endeavors Grant, Central Michigan University,

Teaching Experience
2014

Graduate Teacher Certificate, Purdue University. Completed a program
designed to enhance classroom teaching skills by instructing multiple
undergraduate courses, implementing student feedback, being evaluated by
experienced instructors, and attending instructional workshops.

2014

Natural Resources Practicum, Teaching Assistant, Purdue University.

2013

Ecology and Systematics of Amphibians, Reptiles, and Birds, Laboratory
Instructor, Purdue University.

2013

Natural Resources Practicum, Teaching Assistant, Purdue University.

2012

Ecology and Systematics of Amphibians, Reptiles, and Birds, Laboratory
Instructor, Purdue University.

2012

Natural Resources Practicum, Teaching Assistant, Purdue University.

2011

Fisheries Science and Management, Teaching Assistant, Purdue University.

2011

Natural Resources Practicum, Teaching Assistant, Purdue University.
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2010

Fisheries Science and Management, Teaching Assistant, Purdue University.

2010

Biological Statistics, Laboratory Instructor, Central Michigan University.

2009

Introduction to Ecology, Laboratory Instructor, Central Michigan University.

2009

Quantitative Methods for Biologists, Laboratory Instructor, Central Michigan
University.

